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ABSTRACT
The C(d,n ) N reaction has been investigated from 3.6 to o
12.0 MeV deuteron energy. Similar structure to that previously 
12 13observed in the C(d,p ) C reaction was found in the present reaction.o
It was concluded that the structure arose from the excitation of par-
1 4tially overlapping levels in the compound nucleus, N. Poor fits were 
obtained to the 8 MeV energy-averaged angular distribution using 
optical model parameters derived from elastic scattering experiments, 
but better agreement was obtained by using deuteron and neutron optical 
model parameters calculated using a folding procedure.
Spectroscopic factors extracted from the analysis of the 
12 13C(d,nQ) N reaction were in general agreement with the calculated 
value, but the uncertainties in the specification of the bound state 
wave function, together with the approximate method of incorporating 
the compound nucleus effects into the analysis, prevented a reliable 
experimental value being obtained.
Excitation functions and angular distributions were obtained
, 11n/3u v13m 26 ,3U v 28 . 29C.,3U ,31c ,for the B( He,n ) N, Mg( He,n _) Si, Si( He,n ) S, and O 0,1 o
30 3 32Si( He,n ) S reactions in the incident energy range, 5.0 to 12.0 MeV. o
26 3 28Peaks observed in the Mg( He,nQ) Si excitation function were 
interpreted as being due to 'intermediate structure'.
The B( He,nQ) N reaction angular distributions were 
reasonably well accounted for by a mixture of Hauser-Feshbach and DWBA 
cross sections. The angular distributions of the ground state neutron 
groups for the reactions in the (2s-ld) shell were well described by a
3 aDWBA double-stripping procedure, using He and neutron optical model 
potentials obtained from elastic scattering analyses. It was not possible
ix
to decide between various spectroscopic amplitudes based on shell model
calculations because of the lack of data for excited state neutron
groups. A constant, required to normalize theoretical to experimental
absolute cross sections, was extracted from the analysis of the ground 
3state ( He,n) reactions in the (2s-ld) shell.
Because of the large errors on the forward angle data for the 
26 3 28Mg( He,n^) Si* reaction it was not possible to compare the angular 
distributions to the theoretical predictions. Unlike the expected 
forward peak position of ~ 40°, the angular distributions appear to 
peak at 0°, and it is suggested that the reaction may proceed via a 
two-step process.
CHAPTER I
INTRODUCTION
Nuclear physics seeks to elucidate the interactions between 
nuclear particles and so to understand the structure of nuclei. One of 
the more prolific sources of information on nuclear structure is the 
stripping reaction, in which one or more nucleons are transferred 
directly from an incident, composite particle to a target nucleus. The 
number of particles changing states in these reactions is small, the 
reaction occurs in a short period of time, and the extraction of the 
angular momentum of the transferred particle does not rely on knowledge 
of the wave functions involved. Of such stripping reactions, the (d,p) 
reaction has been one of the most widely used since, involving a simple 
neutron transfer, its analysis is relatively straightforward.
With the exception of certain Coulomb terms, the analysis of 
the (d,n) reaction is the same as the (d,p) reaction, and its neglect 
mainly results from two experimental limitations. First, neutrons must 
be detected by nuclear interactions rather than by the effects of the 
longer-range Coulomb forces, so that the detection efficiency of typical 
fast neutron detectors is ~ 1 0°]0i compared with 1 00^ for solid state 
proton detectors or magnetic spectrometers. The second reason is that 
the energy resolution possible with solid state (or magnetic) proton 
detectors is about a factor of three times better than that with a 
typical time-of-flight fast neutron detector, and about a factor of 
twenty times better than that using the simple pulse-height distribution 
method described in this work.
On the other hand a feature of neutron emitting reactions is 
the ability to measure easily cross sections at 0° to the beam direction,
2s i n c e  t h e  d e t e c t o r  c a n  be  mounted  o u t s i d e  t h e  t a r g e t  chamber  and t h e  
beam s t o p p e d  a t  t h e  t a r g e t .  T h i s  i s  i m p o r t a n t  i n  s t r i p p i n g  r e a c t i o n s ,  
f o r  i t  i s  t h e  p o s i t i o n  o f  t h e  f o r w a r d  peak  w h ic h  p r o v i d e s  t h e  most  
v a l u a b l e  i n f o r m a t i o n  on t h e  t r a n s f e r r e d  a n g u l a r  momentum.
R e l a t i v e l y  s i m p l e  a n a l y s e s  o f  s t r i p p i n g  r e a c t i o n s  c a n  
p r o v i d e  i n f o r m a t i o n  on t h e  s p i n s  and p a r i t i e s  o f  l e v e l s  i n  t h e  f i n a l  
n u c l e u s .  More d e t a i l e d  a n a l y s e s  c a n  e x t r a c t  s p e c t r o s c o p i c  f a c t o r s  
( s e e  s e c t i o n  I I . 2 . 2 ) ,  and p r o v i d e  c o n s i s t e n c y  c h e c k s  on n u c l e a r  
p o t e n t i a l s  o b t a i n e d  f rom  e l a s t i c  s c a t t e r i n g  e x p e r i m e n t s .
1 2The c h a r g e d  p a r t i c l e  e x i t  c h a n n e l s  o f  t h e  C + d r e a c t i o n
have  b ee n  i n v e s t i g a t e d  i n  t h i s  l a b o r a t o r y  w i t h  beam e n e r g i e s  up t o
12 1310 MeV, b u t  l i t t l e  work h a s  b ee n  r e p o r t e d  on t h e  C ( d , n )  N r e a c t i o n
ab o v e  5 MeV. The p o t e n t i a l  p a r a m e t e r s  i n v o l v e d  i n  t h e  a n a l y s i s  o f  t h i s
12 13r e a c t i o n  w e r e  e x p e c t e d  t o  be  s i m i l a r  t o  t h o s e  u s e d  f o r  t h e  C ( d , p )  C 
r e a c t i o n ,  a l t h o u g h  a s e c o n d  s e t  o f  p a r a m e t e r s  r e s t r i c t e d  by t h e  
c r i t e r i a  p r o p o s e d  by G r e e n l e e s  e t  a l .  [Gr 68] was a l s o  e m p lo y ed .  Even 
t h o u g h  G r e e n l e e s  e t  a l .  f o r m u l a t e d  t h e i r  t h e o r y  f o r  p r o t o n  e l a s t i c  
s c a t t e r i n g  f r om  m ed ium -h eavy  mass  n u c l e i ,  t h e r e  h a v e  b e e n  i n d i c a t i o n s  
t h a t  i t  c a n  be  e x t e n d e d  t o  t h e  e l a s t i c  s c a t t e r i n g  o f  c o m p o s i t e  
p a r t i c l e s  by most  n u c l e i .
I n f o r m a t i o n  a d d i t i o n a l  t o  t h a t  a v a i l a b l e  f r o m  s i n g l e  n u c l e o n  
s t r i p p i n g  r e a c t i o n s  c a n  be d e d u c e d  f r o m  d o u b l e - s t r i p p i n g  r e a c t i o n s ,  
i . e .  t h o s e  i n  w h i c h  two n u c l e o n s  a r e  t r a n s f e r r e d  f r o m  t h e  i n c i d e n t  p a r ­
t i c l e  t o  t h e  t a r g e t  n u c l e u s .  Fo r  i n s t a n c e ,  t h e s e  r e a c t i o n s  h a v e  b ee n  
u s e d  t o  l o c a t e  e n e r g y  l e v e l s  i n  n u c l e i  t h a t  c a n n o t  e a s i l y  be  r e a c h e d  i n  
s i n g l e - s t r i p p i n g  r e a c t i o n s .  I n  p r i n c i p l e  s u c h  d o u b l e - s t r i p p i n g  
r e a c t i o n s  ca n  a l s o  p r o v i d e  a more s e n s i t i v e  t e s t  o f  t h e  c o m p o n en t s  
summed i n  t h e  n u c l e a r  wave f u n c t i o n  t h a n  s i n g l e - s t r i p p i n g  r e a c t i o n s ,  a s
3double-stripping reactions involve coherent sums over these components. 
These nuclear wave functions are not generally available at present, 
and so this aspect of double-stripping reactions has been little 
studied [To 69]. One purpose of the present work was to provide the 
data ,required for such tests and, where possible, to compare these data 
to the cross sections predicted using shell-model wave functions.
3In this work the ( He,n) reaction was chosen from the three
3 3usual double-stripping reactions: ( He,n), ( He,p) and (t,p). It has
received little attention because of the previously mentioned dif-
3ficulty of neutron detection. However, the ( He,n) reaction has been
used to locate isobaric analogue states in light nuclei [Ad 67, Ad 69,
Ad 71] as this reaction permits the formation of states with T > T ,
where T and T are the isotopic spin and its projection on a chosen 
3axis. The ( He,n) reaction also avoids the difficulty of using triton 
beams, but is similar to the (t,p) reaction in transferring two 
nucleons in a relative T = 1 , S = 0 state.
3The ( He,n) reactions chosen in this work involve nuclei in 
the lp and (2s-ld) shells for several reasons. Some shell model wave 
functions were available in this mass region; suitable targets could 
be prepared; and with these low Z target nuclei, the Coulomb barrier 
is low enough to permit a reasonable yield from the reactions at the 
bombarding energies used.
Chapter II outlines the DWBA theory of single and double­
stripping reactions, and the Hauser-Feshbach method of estimating the
12 13compound nucleus contribution. In chapter III the C(d,n ) No
reaction is discussed with particular emphasis on the applicability at 
these low masses of a so-called folding procedure to obtain the optical 
model potentials for both the deuteron and the neutron. The double-
41 1  o  i  o  O A  O O f t  O Q  f t  f t  i
stripping reactions, B(’He,n^) N,  ^Mg(' He,nQ ) Si, Si( He,nQ) S 
30 3 32and Si( He,n^) S are discussed in chapter IV. Suitable smoothly- 
varying optical model potentials are obtained to describe these data, 
and attempts made to compare different sets of shell model wave 
functions where they are available. Chapter V summarizes the con­
clusions drawn from this work. Two appendices follow chapter V - the 
first contains a discussion of the effects of the various assumptions 
made in calculating the efficiency of the stilbene neutron detector; 
the second lists common abbreviations and symbols used (but not 
necessarily explained) in the text.
5CHAPTER II
THEORY
11.1 HISTORY
11.1.1 STRIPPING REACTIONS
Although nuclear stripping reactions occurring below the 
Coulomb barrier were analysed some years ago [Op 35], it was not until 
the advent of higher beam energies that the importance of the direct 
reaction mechanism was recognized. Butler [Bu 51 ] pointed out, using 
semi-classical arguments, that the pronounced forward-peaking 
previously observed in (d,p) reactions on light nuclei was characteris­
tic of discrete values of angular momentum being transferred by the 
neutron to the target nucleus. Representing the incoming and outgoing 
particles by plane waves, invoking angular momentum selection rules, 
and using a suitable boundary matching procedure he readily accounted 
for the angular position of the forward peak in ten reactions on light 
nuclei. These reactions proceeded to levels whose spins were 
previously uncertain and, by narrowing the range of allowed spin values, 
this type of analysis was established as an important spectroscopic 
tool.
A major improvement to the theory was the introduction of 
incoming and outgoing waves distorted by both the Coulomb and the 
nuclear potentials to explain the second peak in the angular distribu­
tions [To 55]. Such a distorted wave description of the reaction 
allowed (with knowledge of spectroscopic factors and use of the zero 
range approximation [Ba 62]) absolute reaction cross sections to be 
calculated. The distorted waves were generated using a complex 
potential of which the imaginary part accounted for absorption of the
6i n c i d e n t  f l u x  i n  n o n - e l a s t i c  c h a n n e l s .
I n  h i s  o r i g i n a l  p a p e r  B u t l e r  p o i n t e d  o u t  t h a t  h i s  t h e o r y  was 
e q u a l l y  a p p l i c a b l e  t o  ( d , n )  r e a c t i o n s ,  and l a t e r  a d a p t e d  i t  t o  t h e  
a n a l y s i s  o f  ( d , t )  r e a c t i o n s  [Bu 52 ]-  O t h e r  s i n g l e - s t r i p p i n g  r e a c t i o n s  
i n v o l v i n g  c o m p o s i t e  i n c i d e n t  p a r t i c l e s  o f  A > 2 w e r e  a n a l y s e d  so o n  
a f t e r  t h e  i n t r o d u c t i o n  o f  t h e  DWBA t h e o r y  [ e . g .  Ro 6 3 ] .
The f o r m a l i s m  o f  d o u b l e - s t r i p p i n g  r e a c t i o n s  was p r e s e n t e d  a t
a b o u t  t h e  same t i m e  by s e v e r a l  a u t h o r s  [ e . g .  G1 63, He 6 4 , Ro 64, G1 65a]
3
o f  whom H e n le y  and Yu p e r f o r m e d  c a l c u l a t i o n s  e x p l i c i t l y  f o r  t h e  ( H e ,n )  
r e a c t i o n .  I n  t h e  p r e s e n t  w ork  t h e  DWBA a n a l y s i s  p r o c e d u r e  o u t l i n e d  by 
r e f e r e n c e s  [To 69 ,  G1 65a]  h a s  b e e n  co m b in ed  w i t h  t h e  method  o f  Bayman 
and  K a l l i o  [Ba 67]  f o r  i n t e g r a t i n g  o v e r  t h e  i n t e r n a l  c o o r d i n a t e s .
I I . 1 . 2  COMPOUND NUCLEUS REACTIONS
As w e l l  a s  by a d i r e c t  i n t e r a c t i o n  t o  t h e  f i n a l  n u c l e u s  a s
d e s c r i b e d  a b o v e ,  t h e  r e a c t i o n  can  a l s o  p r o c e e d  v i a  t h e  compound s y s t e m .
T h i s  mechan i sm  was i n t r o d u c e d  by Bohr [Bo 36]  t o  e x p l a i n  t h e  e x i s t e n c e
o f  many n a r r o w ,  c l o s e l y  s p a c e d  r e s o n a n c e s  i n  s l o w - n e u t r o n  a b s o r p t i o n
c r o s s  s e c t i o n s .  I t  i s  a s sum ed  t h a t  t h e  i n c i d e n t  p a r t i c l e  i s  a b s o r b e d
i n t o  t h e  t a r g e t  n u c l e u s  and t h e  e n e r g y  s h a r e d  among a l l  t h e
"16n u c l e o n s .  A f t e r  a t i m e  i n t e r v a l  (~  10 s e c ) ,  r e l a t i v e l y  l o n g  com par ed
-20t o  t h a t  o f  t h e  s t r i p p i n g  p r o c e s s  (~  10 s e c ) ,  one  o f  t h e  n u c l e o n s  o f  
t h i s  compound s y s t e m  r e c e i v e s  enough e n e r g y  t o  be  e m i t t e d .  I f  t h e  
e x c i t a t i o n  e n e r g y  i n  t h e  compound s y s t e m  i s  h i g h  e n o u g h ,  t h e  p r o b a b i l i t y  
o f  d e c a y  i n t o  a p a r t i c u l a r  c h a n n e l  i s  s m a l l .  Thus  t h e  compound n u c l e u s  
( C . N . )  mechan i sm  becomes  l e s s  i m p o r t a n t  a t  h i g h  i n c i d e n t  e n e r g i e s .
I n  p r i n c i p l e  one  s h o u l d  be  a b l e  t o  s e p a r a t e  t h e  p r o d u c t  
p a r t i c l e s  f rom t h e s e  two r e a c t i o n  m ech a n i s m s  u s i n g  t h e  d i f f e r i n g  t i m e
7lapses, but in practice it is not possible because the time resolution 
requirements are too stringent.
Individual or several levels can be excited in the compound 
system when the excitation energy is not too high, causing noncancelling 
interference terms between the compound nucleus and direct reaction 
amplitudes. At higher compound nucleus excitation energies, statistical 
fluctuations in the level density [Er 66] may give rise to structure in 
the cross section. When the level density in the compound nucleus is 
high, the interference terms between the compound nucleus and the 
direct reaction amplitudes average to zero. Hence, in the latter case, 
contributions to the cross section from the two reaction mechanisms can 
be added incoherently.
The compound nucleus cross section, when used in the present 
analysis, was calculated using the theory of Wolfenstein [Wo 51] and 
Hauser and Feshbach [Ha 52], with the method of Hodgson [Ho 67a] to 
account for fluctuations in the distribution of level widths in the 
compound system. To calculate the density of levels when their descrip­
tion is not known experimentally at the excitation energy of interest, 
the procedure given by Gilbert and Cameron [Gi 65] was used.
II.2 DIRECT REACTIONS
II.2.1 DIRECT REACTION FORMALISM
The direct reaction theory is well established (see for 
example [To 61, Gl 63, Sa 66b, Au 70]) and so only an outline based on 
the description of Satchler [Sa 66b] will be given here.
For a reaction, A + a B + b (with a = b + x), proceeding 
from channel a to channel ß, the differential cross section (for given 
initial and final magnetic substates M^, m and M^, m^) is given by
8do~ x-
d(j aß
-IVP ( it is(2irft2)2 1 k / 1 aß1x a y (II.1)
where M- , k , and M- kn are the reduced masses and wave numbers fora a p p
channels a and ß respectively. The transition amplitude is given by 
[Sa 66b]
‘aß S  •1 < w  IV fi+)> > (II.2)
where is the total wave function for incoming channel a and all
possible outgoing channels, and i]/r and e :ß ~ß' are the internal wave
functions for the particles in channel ß and the outgoing plane wave 
for channel ß respectively. The potential, Vß, is the interaction 
between the separating particles in the exit channel.
To account for distorting effects we now introduce an (as yet
(±)unspecified) potential, , and the eigenfunctions, Xp , that satisfy
[(E " Eß) Tß UßJ Xß ^(~ß^ 0 , (II.3)
and split the transition amplitude into two parts using the Gell-Mann 
Goldberger two potential formula [G1 63]
i k • r*
Taß = V ß  V  |Vß ‘ V  *a+>> + V  e 'a ~a > •
(II.4)
The first term represents the transition from the initial 
state to the final state ^ßXß \jTß) through the interaction
(Vß - Uß). The second term, representing the distorting potential 
effecting a rearrangement process, is neglected in the DWBA treatment. 
The validity of this approximation will be discussed when the choice of 
UQ is made (section II.2.2).
Since the dominant reaction is usually the elastic scattering
process we introduce the further approximation
9\j/(+)
a + X(+)(r )a a a (II.5)
This is the distorted wave Born approximation (DWBA). In equation 
(II. 5) \jr is the internal wave function of the incident particles
\j/ = \|/A jr , (II. 5a)a A a
(+)and (r_ ) is the nuclear and Coulomb distorted elastic scattering
wave function satisfying an equation similar to (II.3).
By substituting (II.5) and (II.5a) into the first term of
(II.4) and introducing the magnetic substates of the particles m, , m, ' ,b b
m , m 1 we can write the transition amplitude in the illustrative formcl 3.
[Sa 66b]
'aß j £m 1 m, 1 a b d~a / dXß V m  l(~ß’xß) ^Vb* Vß_lV  V a ^J b b
X xf,+^ ,(k ,r ) , (II. 6) m m ~a a a a
where J is the Jacobian of transformation to the relative coordinates
r^, jTß, and X^ ^ i is the distorted wave describing elastic scattering 
b b
in channel ß from substate m, to substate m, '. The nuclear matrixb b
element describes the particular type of rearrangement process; this 
will be developed for single and double particle stripping reactions.
For the reaction A + a - B + b we introduce the quantum 
numbers J^, M^, and s , m^, each pair representing the spin of the 
indicated particle and its projection along the direction of the motion 
of the incident particle, 'a1, and also the transferred total, orbital
and spin angular momenta, j, i, and s. The conservation rules are
1 = i + s , )
J~B i
i
> + J > (II.7)
% = s ~a - s J
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The n u c l e a r  m a t r i x  e l em en t  i s  expanded i n  a m u l t i p o l e  s e r i e s ,  
■with each e l em en t  d e s c r i b i n g  t h e  t r a n s f e r  t o  t h e  t a r g e t  n u c l e u s  o f  a 
d e f i n i t e  t o t a l  a n g u la r  momentum, j ( t h e r e  i s  o f t e n  o n l y  one such  
m u l t i p o l e  i n  th e  s e r i e s )
CN s  J<V blV°ßlV a> e  r V ni s  j
v mb
fc.j.n/VV
( I I . 8)
s s,  s J.  j J_ „ .
C a b c A B Ci s J
m , - m  ,m -m M , M -M , M m,m -m ,M -M ,
a b a b  A B A B  a b B A
where m = M -M, + m, -m i s  t h e  p r o j e c t i o n  o f  i .  The C lebsch-G ordan  
B A b a r J ~
c o e f f i c i e n t s  e n s u r e  t h a t  t h e  t h r e e  r u l e s  ( I I .  7) a r e  obeyed .  The
m u l t i p o l e  e l e m e n t s  ^   ^ m^~a’~b^ a r e  terme<  ^ ' n u c l e a r  form f a c t o r s ' .
imm m
The re du ced  a m p l i t u d e  ß . a (k , k, ) i s  d e f i n e d  bys j  ^a ~b
Imm m
ß . b a Ck , k j  s j  a b J - T i - - *  E ( - D V m b ^(2i+1 ) 2 m ' m, 'm1a b C“, .“a'-"b, ' V MA
( I I . 9)
c ma , b  m ' m ' _ < I d£ a / d£ K xi  'm (&,»£>,) mi ( £ a .£t ,)  x L L  (k , r  ) ,m ,-m. ,m -m, / a / b m, m, b b i / s i , m  a b m m a aa b a b J J b b  a a
so  t h a t  ( I I . 6) becomes
'aß
i J j J  imm m
E (W+1)5 V  M -M M h i  “ < W  • i s  j MA’ B A’ B J b
( 1 1 . 1 0 )
I f  we now i n s e r t  ( I I . 10) i n t o  ( I I . 1 ) ,  a v e r a g e  ov er  t h e
i n i t i a l  s p i n  p r o j e c t i o n s  M , m , sum o v e r  t h e  f i n a l  s p i n  p r o j e c t i o n sA a
m, , M .  and t h e n  sum over  MÄ and ML we o b t a i n  
b B A B
der
doo
aß
a b 
( 27rh2 ) 2
2 j b+1 Zk J  ( 2 J . +1 ) ( 2 s  +1)  . a /  A a jmm m,
a b
E ß
imm, m 2
b a
sj . ( 1 1 . 11 )
The d epen dence on and i s  c o n t a i n e d  i n  t h e  C l e b s c h -  
Gordan c o e f f i c i e n t s  i n  ( 1 1 . 1 0 ) ,  and t h e  o r t h o g o n a l i t y  o f  C lebsch-G ordan  
c o e f f i c i e n t s  has removed t h e  c r o s s - t e r m s .
I I . 2 . 2  SINGLE NUCLEON STRIPPING
At t h i s  p o i n t  t h e  s p e c i f i c  form o f  t h e  i n t e r a c t i o n  p o t e n t i a l  
(Vß-Uß) can  be c o n s i d e r e d  f o r  t h e  ( d , n )  r e a c t i o n .  The p o t e n t i a l ,  V, ,  
was i n t r o d u c e d  i n  e q u a t i o n  ( I I . 2) as  t h e  i n t e r a c t i o n  be tween  t h e  two 
p a r t i c l e s  i n  t h e  e x i t  c h a n n e l ,  and so can  be w r i t t e n  as
V
ß
= V + pn Vi n  • ( 1 1 . 1 2 )
Because U^.was i n t r o d u c e d  i n  an a r b i t r a r y  f a s h i o n  i t s  c h o i c e  
i s  n o t  a s  c l e a r .  I t  has  been  cu s to m a ry  t o  choose  as  t h e  o p t i c a l  
p o t e n t i a l  d e s c r i b i n g  e l a s t i c  s c a t t e r i n g  i n  t h e  e x i t  c h a n n e l ,  and t h e n  
a p p ro x i m a t e  t h i s  p o t e n t i a l  t o  t h a t  d e s c r i b i n g  t h e  e l a s t i c  s c a t t e r i n g  
o f  t h e  n e u t r o n  by t h e  t a r g e t  n u c l e u s ,
BZ
i= l
AZ
i=l
( H . 1 3 )
Thus ,  u s i n g  e q u a t i o n  ( 1 1 . 1 2 ) ,  we o b t a i n
(V -UR) «  V 
ß ß pn
( 1 1 . 1 4 )
The a p p r o x i m a t i o n  i n  ( 1 1 . 1 3 )  i s  no t  t o o  d r a s t i c  i f  t h e  
t a r g e t  n u c l e u s  mass i s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  p r o t o n  mass,  s i n c e  
t h e  o p t i c a l  p o t e n t i a l  i s  d e f i n e d  t o  be an a v e r a g e  f o r  t h e  g r o s s  f e a t u r e s  
o f  t h e  n u c l e u s .  T h i s  a p p r o x i m a t i o n  i s  p r o b a b l y  v a l i d  even f o r  t h e  l i g h t  
n u c l e i  c o n s i d e r e d  i n  c h a p t e r s  I I I  and IV. A u s t e r n  [Au 70, p.801 a r g u e s
i n  t h e  second  component  o f  e q u a t i o n  ( I I . 4 ) .  F i n a l l y  t h e r e  i s  t h e  
p r a c t i c a l  a d v a n t a g e  t h a t  t h e  o p t i c a l  p o t e n t i a l  can  be r e a d i l y  o b t a i n e d  
e x p e r i m e n t a l l y ,  a t  l e a s t  f o r  t h e  ground  s t a t e .
The (d,n) stripping process is pictured as the insertion of
the proton into a single particle orbital about the target nucleus.
Thus, the wave function \|/ is expanded asB
j/jj,(!„) = E X  £ c„V„B A s lt ) *'B _ ", " V V V  X ' M / V  (II’15)B B J. 1 j J M. m A B J r r A AA J A
where m is the projection of j, \|/ T , , (|.) are the set of ortho-
A A A
normal core states of which the target nucleus is the lowest energy 
£ smember and the ^ jm (£p»£p) are the proton single particle wave functions.
The expansion coefficients, j- ., are closely related to the spectro-
£ J
scopic factor, J 0 . ■> by
*• J
J
4 j nlJi j |2
(II.15a)
where n is the number of nucleons in B identical to that transferred, 
and it arises from antisymmetrization of the wave functions, \|/^ and \|f . 
The symbol £ is used to denote the internal coordinates of particle A.
Jri.
When equations (II.14) and (11.15) are substituted into t^ (equation 
(II.8)), and the integration over the internal coordinates | is 
performed, we obtain
t = J / d£ d| Z  3 *  . C ^  B biS’f(| ,r )N J bp bn ij Ma ’Mb“Ma ,Mb Jm P
X \|f ( O  VMn » (H-16)s m 3n pn lm, p n pn n n d
m
where \j/ (£ ) is simply the neutron spin function x.i (I )• Thes m n 5 nn n
deuteron internal wave function is given by
c i i "I Aft HI * ^
*lm (I ,4 >£ ) = M r  ) E 5m m m X,P(L) X, P(l„) , (II.17)I m , p q pn d pn m % m ."in «m , 2 P 2 nd m p d p d
p
where the deuteron is assumed to be in an S state only, with radial
dependence <t> (r ), and spin dependence composed of the combined proton d pnr m m
and neutron spin functions ) and )• The deuteron D state
2 P i n
contribution is neglected since it only constitutes about 7% of the
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deuteron wave function, and thus equation (11.16) becomes
t = J Z i_i4* <£* (r ) y /  (r ) 1N n. J £j ^ ni^  j p i/ p m /),m-m,,,m m ,m -m ,m,ijm^ J r r £ £ n d n d
JAjJB SX Cm M V (r ) O r  ) . (11.18)M mM pn pn d pn A B
By comparing this equation with equation (II.8) we obtain
___ m *
f0 . (r ,r ) = J Z Z3/2 • <$*« • (r ) Y f  (r ) V (r ) <K(r ) ,®isj,m~n~p ^nij p i  p pn pn d pn
mi (11.19)
for the (d,n) reaction nuclear form factor. Here the proton single
Jl/ sparticle wave function 6. (| ,r ) has been expanded in the usual form,Jm P P
/ ! « . £ )  - E 1* Ci r>i 5 j
m „ m
£ ,ss v p~ m m  m * .,(r ) Y/(r ) XiP(f ) (11.20)jm p p m m^,m-m^,m ^ nüj p i p 2 p
i
where i, s, j, m are the quantum numbers defining the proton single 
particle state.
II.2.3 ZERO RANGE APPROXIMATION - SINGLE NUCLEON STRIPPING
The form factor,  ^ (^.r >Xp)> is a function of six 
coordinates, and to simplify its calculation we introduce the zero 
range approximation (ZRA). The Schrödinger equation for the deuteron 
wave function is
TT (V2 - y2) <K(r ) = V (r ) <K(r ) « D &(r ) , (11.21)M d pn pn pn d pn o pn
where e ft2 72 is the deuteron binding energy. The ZRA makes use of
the fact that the effective ranges of both V (r ) and tj> (r ) tend topn pn d pn
be much less than the ranges over which the other variables in the 
transition amplitude vary significantly. Thus we assume that the
Sproduct V (r ) <t> , (r ) has zero range, pn pn d pn
SD is obtained by ensuring that 4>,(r ) has the correcto  ^ 0 d pn
asymptotic form
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i T  /  (y2 '  ^  $d ( r pn) d~
fi2 2 r c
M~ /  ®d ( r pn) d r  , (XX.22)
s i n c e  t h e  term V2 <*)(j ( r pn) v a n -^s ^ es  uPon a p p l y i n g  G r e e n ' s  theo rem and 
i n t e g r a t i n g  over  a s u r f a c e  a t  l a r g e  enough d i s t a n c e .
I f  t h e  s im p le  e x p o n e n t i a l  form i s  c hosen  f o r  t h e  r a d i a l  p a r t
of W '
♦ ‘ ( r  ) -d pn 7 2 r ( 1 1 .2 3 )
where  t h e  n o r m a l i z a t i o n  i s  o b t a i n e d  from e f f e c t i v e  r a n g e  t h e o r y ,  t h e n  
4 2 3
D 2 ~  1 .0  X 10 MeV fm [Ba 62 ] .  I f  t h e  H u l th e n  wave f u n c t i o n  (which o
i s  more r e a l i s t i c  a t  sm a l l  r )  i s  employed,
* : ( r >d pn
/yß(  7+ß)
2TT(7-ß)2
- y r  - ß r  e - e ( H . 2 4 )
2 3t h e n  when ß ~  7y, D^2 ~  1 . 65  X 10 MeV fm f o r  t h i s  wave f u n c t i o n
[Sa 66b] .  E f f e c t i v e  r a n g e  t h e o r y  a l s o  g i v e s  t h e  same v a l u e  f o r  D 2o
[Au 6 3 ] .  Recent  c a l c u l a t i o n s  [De 70,  De 71 ] ,  i n c l u d i n g  t h e  D s t a t e  o f
4 2 3t h e  d e u t e r o n ,  i n d i c a t e  t h a t  D 2 ~  1 .44  X 10 MeV fm ( a t  l e a s t  f o r
Äe 7«j
Ü = 1 t r a n s i t i o n s )  w i t h  t h e  ho-l t -ben wave f u n c t i o n .  I n  t h e  p r e s e n t  work
4 2 3t h e  v a l u e  o f  D " = 1 . 65  X 10 MeV fm has  been used  f o r  t h e  ( d , n )  o
r e a c t i o n .
S
From t h e  F o u r i e r  t r a n s f o r m  o f  V ( r  ) ( f i r  ) i t  canpn pn d pn
r e a d i l y  be seen  t h a t  t h e  ZRA c o r r e s p o n d s  t o  t a k i n g  o n l y  t h e  z e ro
S
momentum components  o f V  ( r  ) 4 > ( r  ) :pn pn d pn
C(K) = - ( ir) (K2 + 72 ) /  e” pn *d ( r pn) d r pn . ( 1 1 . 2 5 )
For p l a n e  waves a t  l e a s t ,
K = i  k - k ( I I . 2 5 a )
~ P
so t h a t  t h e  ZRA i s  most  a c c u r a t e  when t h e  momenta i n v o l v e d  a r e  s m a l l ,
i . e .  f o r  low e n e rg y ,  low Q - v a lu e  r e a c t i o n s .
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S e v e r a l  a u t h o r s  [Bu 64, Be 64, Pe 64] have  p roposed  an
S
a p p ro x i m a t e  t r e a t m e n t  f o r  t h e  f i n i t e  r a n g e  o f  V and c|>^ , by u s i n g  t h e  
l o c a l  e ne rgy  a p p r o x i m a t i o n .  To f i r s t  o r d e r ,  t h e s e  e f f e c t s  can be 
a c c o u n t e d  f o r  by i n c l u d i n g ,
A(r  ) 
P
u j ( r j ) " U ( r  ) - U ( r  ) - € d d n n P P ( 1 1 .2 6 )
i n  t h e  t r a n s i t i o n  a m p l i t u d e  where  e i s  t h e  d e u t e r o n  b i n d i n g  e n e rg y ,  7 
and ß a r e  d e f i n e d  i n  e q u a t i o n  ( 1 1 . 2 4 ) ,  and U i s  t h e  o p t i c a l  model 
p o t e n t i a l  f o r  a p a r t i c u l a r  p a r t i c l e .  T h i s  t e rm  damps t h e  c o n t r i b u t i o n  
from t h e  n u c l e a r  i n t e r i o r ,  b u t  has  n e g l i g i b l e  e f f e c t  a t  l a r g e r  d i s ­
t a n c e s .  When U, ~  U + U ( a s  i s  u s u a l l y  t h e  c a s e  f o r  t h e  r e a l  p a r t s  d n p
o f  t h e  o p t i c a l  p o t e n t i a l s )  A ( r ^ )  i s  c l o s e  t o  u n i t y ,  even f o r  sm a l l  d i s ­
t a n c e s .  Some c a l c u l a t i o n s  have  been  pe r fo rm e d  on t h e  e f f e c t  o f  t h e  ZRA 
on tw o - n u c l e o n  t r a n s f e r  r e a c t i o n s  [Ch 70,  Ro 71] bu t  t h e  a p p l i c a b i l i t y  
o f  t h e  methods used  has  no t  been  e s t a b l i s h e d .  I n  t h e  p r e s e n t  work we 
have n e g l e c t e d  t h i s  c o r r e c t i o n  f a c t o r  b e c a u s e  i t  g e n e r a l l y  has  l i t t l e  
e f f e c t  on s i n g l e - s t r i p p i n g  r e a c t i o n s  and i t s  e f f e c t  on d o u b l e - s t r i p p i n g  
r e a c t i o n s ,  a l t h o u g h  p o s s i b l y  l a r g e r  t h a n  f o r  s i n g l e - s t r i p p i n g  r e a c t i o n s ,  
i s  no t  w e l l  known.
I I . 2 . 4  DOUBLE NUCLEON STRIPPING
For t h e  t w o - p a r t i c l e  s t r i p p i n g  p r o c e s s  Towner and Hardy 
[To 69] g i v e  a f o r m a l i s m  s i m i l a r  t o  t h a t  used  i n  s e c t i o n s  I I . 2.1 and 
I I . 2 .2  f o r  t h e  s i n g l e  n u c l e o n  s t r i p p i n g  p r o c e s s .  . For  c o n v e n ie n c e  we 
w i l l  a dop t  t h e i r  n o t a t i o n .  The p r i n c i p a l  s t e p s  a r e :
( 1 ) a p p r o x i m a t i n g  t h e  e f f e c t i v e  i n t e r a c t i o n  as
(V -U ) ~k ß ß ;
1
V ( r 3 - r 2 ) + V ( r 3 -£ ] ) ( 1 1 . 2 7 )
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f o r  s i m i l a r  r e a s o n s  t o  t h o s e  used  t o  d e r i v e  e q u a t i o n  ( I I . 14) ( s e e  next  
s e c t i o n ) ,  where t h e  o u t g o i n g  p a r t i c l e  has  c o o r d i n a t e  r^  and t h e  
s t r i p p e d  p a r t i c l e s  have c o o r d i n a t e s  .r and _r ,
(2)  expand ing  t h e  wave f u n c t i o n  o f  t h e  f i n a l  n u c l e u s  i n  t e r m s  o f  
t h e  t a r g e t  wave f u n c t i o n  c o u p le d  t o  t h a t  o f  t h e  t r a n s f e r r e d  p a r t i c l e s  
( d e n o t e d  by 1 and 2)
M  ^B ^  MNM ' N ' 4 ' B  n i ^ l J l n2^2J 2 ’B B A A
J ' J J  T ' TT T a 'N '
v, ^ A B ^ A B A A x I \ I * \ / t t o o \
CM 'MM CN 'NN ' M ' ^A ^ MN(~ l ’~2 ’ ( T- 2 8 )A B A B A A
Ji V T
where  Tß and Ng a r e  t h e  i s o s p i n  and i t s  p r o j e c t i o n  f o r  n u c l e u s  B.
j 1 J 2JT\|r i s  a t w o - p a r t i c l e  wave f u n c t i o n  where  p a r t i c l e s  1 and 2 have
quantum numbers n^ , and n ^ , r e s p e c t i v e l y ,  c o u p le d  t o
t r a n s f e r r e d  quantum numbers J ,  T and p r o j e c t i o n s  M and N. I n  a manner 
s i m i l a r  t o  t h a t  u sed  i n  e q u a t i o n  ( 1 1 .1 5 )  we i n t r o d u c e  o v e r l a p  
i n t e g r a l s ,  J" , d e p e n d e n t  on t h e  c o n f i g u r a t i o n  o f  t h e  t r a n s f e r r e d  p a r -  
t i d e s .  The summation ove r  t h e  quantum numbers  o f  t h e  t r a n s f e r r e d  
p a r t i c l e s  i s  such  a s  t o  have t h e  quantum numbers co u p le d  t o  t h e  
r e s u l t a n t  t r a n s f e r r e d  quantum numbers and t h e i r  p r o j e c t i o n s ,  J ,  T, M 
and N,
(3 )  i n t e g r a t i n g  over  t h e  i n t e r n a l  c o o r d i n a t e s ,  £ , o f  t h e  t a r g e t  
n u c l e u s  and ove r  t h e  s p i n  wave f u n c t i o n s  o f  t h e  l i g h t  p a r t i c l e s ,  |  , 
and t h e n  expa nd ing  t h e  d i s t o r t e d  wave f u n c t i o n s  ( s e e  e q u a t i o n  ( I I . 6 ) )  
i n  p a r t i a l  waves.
I t  i s  shown i n  r e f e r e n c e  [To 69] t h a t  a f t e r  p e r f o r m i n g  t h e s e  
s t e p s  t h e  m a t r i x  e le m en t  r e m a in i n g  from e q u a t i o n  ( I I I . 8 ) ,
17
j j?JT
tN = <V £3’a3) * MNU 1’£2’C7l’Cr2)|V(£3'£2) + V(£3'£1}|
<t>3He(~ r X 2,X3 ’CJr CJ2’(J3 ^  ’ (IIo29)
can be expanded in a series of radial terms and spherical harmonics,
which can be explicitly evaluated upon choice of axes. Here and
3b** are the internal wave functions of the neutron and the He JHe
particle respectively. The nuclear matrix element then becomes 
[n Ü  j ] [ nj j ]LSJT
£ i r r 1 2 2 2
3 V J R  T A T T Rx [(2s +1)(2J+l)]2 C * CM " a M MM N NNA B  A B
I b([V i j1 ][n2ü2J2 ];JT)
b
12 2
L
S 6LSJT ( 6 )  ,M  cr cr v ' * (11.30)
jl j 2 J
a b
where the symbol
*1 *2 L
I I
j, J1 2
arises from the expansion of the two-nucleon wave function in the L-S 
coupling scheme, and is related to the 9-j symbol by
" *1
i----CNI
l
[ b
\
1 L2
i \ s = [(2L+l)(2S+1)(2j1+l)(2:2+l)]2 ) \ 1 S V
jl h  J . jl\ J2 J /
) • (11.31)
The b (11.30) are spectroscopic factors for the light particles
3 f1(b = 1 for the ( He,n) reaction), and J 2 is a spectroscopic amplitude SI AB
analogous to that defined for single stripping (see equation (II.15a)):
A  V A \ 2
2
^ A B ( [V l  jl ] [n2i2j2 ]; JT) jAB([niii ji H t y 2j2];JT)-(II*32)
The terms, cr , cr , are the intrinsic spin projections of the incoming
3. D
LS JTand outgoing particles. The term g m  a cr in ecluat:*-on (H»30),
a b
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defined by Towner and Hardy, is similar to the reduced amplitude of 
equation (II.9).
After substituting (11.30) into (II.1) the differential cross 
section for double-stripping reactions becomes (cf. equation (II.11))
da
dw aß
M- H,a b
(2TTh2)2
2JB+1 Jz(2s +1)(2J +1) M a A Ma aLa b
X
4  L
J 1 j 2
T TTyA A A B
^AB N N N  A B
6LS-  (6) M a a, a b
(11.33)
where A denotes the summation of equation (11.30) except for J and M. 
Because of this summation over A, the spectroscopic amplitudes for all 
configurations of the bound particles must be added coherently, unlike 
the single-stripping case.
The method of Bayman and Kallio [Ba 67] was used to integrate 
over the internal coordinates of the matrix element of equation (11.29).JiVT .By expanding the two-particle wave function \|r ^  in terms of single­
nucleon wave functions in the L-S coupling scheme, we obtain
jiVT\lr (r , r )Y MNV~1 ~2y
+ (-1)
z
LS
S+T+1
*1 ^2 L
h
l, xL
0. (r ) d . (r ) 
Jimi ^ J2m2 ~~2
\L
0• (r ) 0 . (rn)
J 1 m-| 'N'2 J2m2 1
X (Xi(t) xZL)}2 1 2 2
JM
2 ( 1 + 5  5„ . 5. •
nl n2 *1*2 J1J2
(11.34)
Jowhere 0 .^(r) is the spinless part and Xi(l-j) is the spin part of the
& ssingle-particle wave function, 0jm(r)> and the superscripted brackets
indicate summation and vector coupling to the stated quantum numbers.
The spatial part of (11.34) can now be expanded in the relative and
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centre-of-mass (C.M.) coordinates
^2 ~i
2 (-£] + £ 2  ) ’
(11.35)
£ £~ \LM / £, £ \LM
$ . (r ) 0. (r ) ) +(0. (r ) 0. (rn)
Jl ml 1 J2m2 2 /  \  Jl ml J2m2 ~~
2 1 + 6  5, B 6
nin2 ^1^2 mim2
L U.A(r,R)
M AA
111^ HI A
y a (f) ya  <s>
LM
(11.36)
S+T+1Here the phase term (-1) vanishes since the zero relative angular
momentum part of the two particle wave function is symmetric in r^  and 
i* e* for T = 1 , S = 0. A and A are respectively the relative and C.M. 
angular momenta of the transferred protons. The assumption is made 
that the two nucleons are transferred in a relative S state.
We can pick out the A = 0 term by setting R = z and integrate 
ing over r after multiplying both sides by Y (r) = (47r) 2. Now, for 
A = 0,
and therefore
U^L(r,R) = (2L+1)'5
2L+1
M,0 V ^ 7r
/ 1. \LM , * z
(0. (r ) 0. (r ) ) +10. (r ) 0- (r. )
V J-,mi 1 J2m2 '"'2 /  \  J 1 m-| J2m2 ^
(11.37)
LM
2 ( 1 + 5 . 5
nin2 ^1^2 mim2
(11.38)
The method of evaluating this integral, and thus obtaining
Ji V Tthe expansion of \|r m n ^~1,~2^ (ecluatfon (11.34)), is given, by Bayman
and Kallio [Ba 67].
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II.2.5 ZERO RANGE APPROXIMATION - DOUBLE NUCLEON STRIPPING
As described in section II.2.3 it is convenient at this stage 
to simplify the calculation of equation (11.29) by introducing an
approximation for (VQ^-r^ ) +V(r3~r2)) ^ 3 ^ ^  >X2’~3’‘V  ^ 2 ’ °3^  ‘ We
use the ZRA as described by Kunz [Ku 71] rather than the 'point triton'
approximation [Ro 64] which assumes that it is <H1T which is of zero-,He
range. It seems that, although the form factors from these two approx­
imations are considerably different in the nuclear interior, the 
predicted cross sections are similar since the reactions proceed mainly 
at the nuclear surface [To 69, Gl 65].
In the centre-of-mass coordinate system we have for equation
(11-27)
V(x3-r2) + V(r3-r1) = Vpn(p + r/2) + V^(p - r/2) , (11.39)
where £ is the distance between the neutron and the C.M. of the protons
3(figure II.1). We chose Gaussian forms for both the He wave function 
and the nucleon-nucleon interaction
He
Vpn
where r^2 represents the scalar distance between particles 1 and 2, and 
is the mean square radius of the He wave function. The nucleon- 
nucleon force has strength and inverse range ß. The ZRA is given by
V^ pn^~ + + vpr/£ " ^3 (£1 >-I2 ,-£3^ ~  d0^  5(-2') * C11*41)F F He
Kunz shows that the constant d (r), evaluated in section IV.4.6, is
given by
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z
PROTON
PROTON
Figure II. 1. Coordinate system used to describe the ( He,n) reaction. 
The centre-of-mass of the stripped protons is taken to lie on the 
z-axis.
do
d 2 o
3for ( He,n) reactions.
II.2.6 OPTICAL MODEL PARAMETERS
The optical model (O.M.) has been developed to account for 
elastic scattering of projectiles from nuclei and, since this process 
usually dominates in reactions, the predicted wave functions are used 
in the DWBA theory to approximate the t-otal wave functions for the 
entrance and exit channels. A central attractive potential accounts 
for the elastic scattering process, whilst a central absorptive potential 
is employed to account for the other processes that remove some of the 
incident flux. Additionally, a spin-orbit term may be added to account
f -ß2P2 -p2/3A2 .~ 2 V j e  e dp , (11.42)
4 2 683 X 10 MeV fm
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for polarization phenomena and to reproduce the differential cross sec­
tions at backward angles. Many descriptions of the theory have been 
published [e.g. Fe 58, Jo 63, Ho 67]; only the forms of the potentials 
will be discussed here, as they are required as parameters for the DWBA 
calculations.
Because the real, spin-independent part, V, of the O.M. 
potential arises from the saturated, short-range forces between the 
nucleons in the target, it is expected to have a similar radial shape 
to the nuclear matter distribution. For this reason it has been 
customary to use a Woods-Saxon function
f(xv)
where
[1 + exp(x^)]
i
r-r A3
(11.43)
for the shape of this portion of the O.M. potential.
Although there are several reasons to expect the absorptive 
term, W, in the O.M. potential to be surface peaked at low channel 
energies and become spread throughout the nuclear volume at higher 
energies [Au 70, Ho 67], it is not possible to predict its shape 
theoretically. However it has been amply verified that a 
differentiated Woods-Saxon form
s(V aW d7 £(xw>
where
*w r 'rw
(11.44)
and f(x) itself, are satisfactory for low and high energies respectively 
[Wi 64, Mo 64, Ro 65]. A Gaussian shape can also be used for g(x) at
low energies
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SG(V (II.44a)
Of the possible spin-dependent terms in the potential, the 
spin-orbit term is the most important, and it is the only one usually 
considered. It too has a surface peaked radial shape and is usually 
taken as a Thomas-type term
where
h<V ~  4” f(xJ  ^*s45.2 r dr U ^ ~
(r-r A 3)/ a,
(11.45)
where 7—— - is the Thomas factor divided by the ratio of pion to proton 45.2
wavelengths squared. For deuteron elastic scattering, various nonvanish 
ing tensor terms can be constructed [Sa 60], but these will not be con­
sidered further. Even the i/._s term has considerably less influence on 
the differential cross section than either f(x) or g(x), and so, except 
for the bound states, will be neglected in the following analyses.
Several different potentials can produce the same wave 
function outside the nucleus where the scattering amplitudes are deter­
mined, and so O.M. parameter ambiguities can arise. The major ones are
(1) a correlation between the range and depth of the real central 
well, V, of the form V r^n = constant (n < 2),
(2) discrete values of the real central well depth, V, about 50 MeV 
apart, corresponding to multiples of half wavelengths inside the 
potential well,
(3) a correlation between the depth, W, of the absorptive well,
and its diffuseness, a .W
Because direct reaction processes are more sensitive to the 
nuclear surface and interior than is elastic scattering, there are
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indications that the second ambiguity can sometimes be resolved in DWBA 
analyses [Le 64, Ho 66a]. From this, and theoretical considerations 
[Ro 65a, Ab 66], the value of V is usually set at about -50 MeV per 
nucleon in the projectile; this choice also minimizes the finite range 
correction term (equation (11.26)).
Most optical model analyses can involve up to fourteen free 
parameters and, in an attempt to reduce this number, Greenlees et al.
[Gr 68] proposed a reformulation of the O.M. theory (GPT or folding 
method). From folding the nucleon-nucleon interaction into the nuclear 
matter distribution they showed that for single nucleon scattering from 
medium to heavy nuclei
<r2 >, <r2 > +  (r2 } (11.46)
where the three terms are the mean square radii of (1) the real 
central part of the optical potential, (2) the matter distribution and 
(3) the spin and isospin independent part of the nucleon-nucleon force. 
Commonly, a value near 2.25 fm2 is used for (r2 )^. Greenlees et al. 
also suggested that for 32 MeV incident protons within the mass region 
examined, the volume integral per nucleon-nucleon interaction of the 
real part of the optical potential was independent of mass number;
J 1A V dT « 400 MeV fm
3 (II.46a)
For a Woods-Saxon potential we can expand (r2 ) and J in power series
A V
and, to order , obtain,
rv A3 /
V£>v - f V A§(
4 3J = -  TT V ( 1 +
 ^ay 
rv A3
L!v_ x2
rv A3
> (II.46b)
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Similar results would be expected for neutron potentials and, 
in a restricted study, Pyle and Greenlees [Py 69] showed that for 14.5 
MeV neutron scattering both equation (11.46) remained valid and
3Jn ~ 400 MeV fm , (II.46c)
3which is about 50 MeV fm smaller than for the volume integral for 
proton scattering at that energy.
3Analysis of the elastic scattering of He [En 71, Ca 72] and 
4He [Ja 69a, We 70, Bu 70, Li 71] have been conducted using a similar 
approach for these composite particles.
Recently Simbel and Abul-Magd [Si 71] and Fitz [Fi 71] have 
adapted this approach to deuteron elastic scattering, with the deuteron 
optical potential represented by the Watanabe form [Wa 58]. In 
reference [Si 71] it is shown that equation (11.46) remains valid if 
(r2 )v is replaced by (r2)^ + 4 (r2 )^ wl:iere rnp is ttie neutron-proton 
separation in the deuteron. From empirical fits to deuteron elastic 
scattering data and from Perey's [Pe 63] analysis of proton elastic 
scattering data, they concluded that
2.
J72 ~ 330 + 579 A "3 . (11.47)d
This mass dependence, most pronounced for light nuclei (such
1 2as C), is also derived from theoretical considerations by Simbel and
Abul-Magd in the same paper. For our purposes it was sufficient to use
(11.47) as a starting value in a search for the deuteron potential that
12 13best characterized the C(d,nQ) N reaction, as described in section
III.4.4.2.
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II.2.7 NONLOCALITY
la optical model analyses the potentials, which have been 
assumed to be local in the preceding theory, have been found to be 
energy dependent.
The spin independent part of the optical model potential in, 
for example, the incident channel is dependent on the parameter £ and, 
in general, this dependence will be nonlocal. The Schrödinger equation 
defining the distorted wave function is then
~  V2 X(+)(r ) + [ U(r , r ') X.(+)(r ') dr 2 m a ~a a ~a ' ~c E X(+)(r ) a ~a (11.48)
Perey and Buck [Pe 62] solved equation (11.48) by assuming a 
separable form with a normalized Gaussian nonlocality of the form
U(r ,r ')a a
r +r '~a ~a
Jtt ß exp
r -r ~a~a , (H.49)
where ß is a range parameter to be fitted experimentally. They showed, 
using elastic scattering data for neutrons from 0.4 to 24 MeV on nuclei 
between A1 and Pb that a single set of energy-independent potentials 
sufficed to describe the data, with ß = 0.85 fm. Thus most, if not all, 
of the energy dependence exhibited in local O.M. calculations arises 
from the neglect of the nonlocal form of the potential. Characteristic 
differential cross sections were simulated from the 'nonlocal' energy 
independent parameters. These cross sections were then fitted in the 
normal manner, using local optical model potentials, U . It was found
Ju
that the wave functions X (.r)> generated by the U and those from the 
full nonlocal calculation x^(x)» were simply related by
NL , X (r)
L
1 - TJ ('r')1 2fis LU) x \ r )  . (XI.50)
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From equation (11.50) it can be seen that in the nuclear 
interior, where |U (r)| > 0, X^L(r.) is smaller than x (x) > i-e.JLj
inclusion of the nonlocality introduces damping. Equation (11.50) can 
also be used to describe nonlocality in the bound state, and, because 
the bound state wave function has overall normalization, this damping 
will increase its overlap with the distorted waves at the nuclear sur­
face. Thus for strongly absorbed particles (particularly a particles 
[Ig 59]) the magnitude of the differential cross section is 
substantially increased.
The values of ß used in the present work are given in
Table II.1.
Table II.1
Ranges of nonlocality used in present work
Particle Range (fm) Reference
neutron, proton ß = 0.85 [Pe 62]
deuteron ß = 0.54 [Ba 66, Sa 66b]
3He particle ß = 0.25 [Ba 66]
II. 3 COMPOUND NUCLEUS MECHANISM 
II.3.1 HAUSER-FESHBACH THEORY
Since the reactions studied in this work proceeded principally 
by the direct mechanism, the compound nucleus process appeared as a 
background and so only a brief description of its theoretical calcula­
tion will be given. The procedure of Hodgson and Wilmore [Ho 67] was 
used in the computer code, HAUSER, written by Dallimore [Da 70].
Preston [Pr 62] gives, for the differential cross section for 
a nuclear reaction initiated in channel a with channel spin j and
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orbital angular momentum ß , and p and m as their projections,
( £M ' A2i+1) U ,cc J'p ' Sj ' m'ajPXm , ( 6 , < P ) (11.51)
where U is the collision matrix and the primed quantities refer to the 
exit channel.
A number of assumptions are introduced to simplify (11.51):
(1) the interference terms arising from different values of Ü and 
i 1 may be neglected,
(2) the compound nucleus states of definite total angular momentum 
J and projection M and parity IT are separable in U
J = j + & , (11.52)
(3) there are a large number of states of allowed total angular 
momentum J and projection M within the considered energy interval in 
the compound system,
(4) because of (3) all interference terms between states of dif­
ferent J and M will average to zero over a wide enough energy interval,
(5) because of the 'independence hypothesis' of Bohr [Bo 36], U 
can be written in a form describing the separate formation and decay of 
the compound system.
By invoking the reciprocity theory [B1 52, p.336, Pr 62, 
p.477], the collision matrix can be replaced by
|UaU'j'aij'2 (IX.53)
where T . . is the transmission coefficient for the formation of theaij
compound system of spin J in channel a with channel spin j and orbital
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a n g u la r  momentum f ,  and t h e  term i n  t h e  denominator o f  e q u a t i o n  ( I I . 53)  
i s  summed o v er  a l l  p o s s i b l e  open p a r t i c l e  c h a n n e l s .  Gamma ray d ecay o f  
t h e  compound s t a t e  i s  n e g l e c t e d .
A f t e r  i n c o r p o r a t i n g  t h e s e  a s s u m p t i o n s  i n t o  e q u a t i o n  ( 1 1 . 5 1 )
J
and a v e r a g i n g  over  t h e  i n i t i a l  s p i n  p r o j e c t i o n s  ( s i n c e  t h e  a re
assumed ind ep en d en t  o f  s p i n  p r o j e c t i o n ) ,  t h e  C.N. c r o s s  s e c t i o n  
becomes [Bl 52]
J J
(  der 
V du>
CGCX
~  T
kp L
(2f+1 )
1 M Y  ( 2 j a+ 1 ><2JA+ 1 >
a ( j i | j \e) a l  j
1 a  l  J
z
a"  j '
a " r  j"
where
A ( j i |  j ' C  | e ) Z
mm1
| c i J J
2 r i ' j ' J 'V-» l |
2
c '
2
omm m ,m-m ,m l
( 1 1 . 5 4 )  
( I I . 5 4 a )
The p r o j e c t i o n  o f  t h e  o r b i t a l  a n g u la r  momentum o f  ch a n n e l  a 
i s  z e r o ,  s i n c e  t h e  z - a x i s  i s  ch o s en  a l o n g  t h e  beam d i r e c t i o n .  From 
( I I . 5 4 a )  i t  can be s e e n  t h a t  t h e  a n g u l a r  d i s t r i b u t i o n  s h o u l d  be 
symmetric  around 90°  t o  t h e  z - a x i s .
I I . 3 . 2  REDUCTION FACTOR
An i n h e r e n t  a s s u m p t io n  o f  t h e  p r e v i o u s  t h e o r y  i s  t h a t  a l l  t h e  
i n c i d e n t  f l u x  i s  a v a i l a b l e  t o  p a r t i c i p a t e  i n  t h e  compound n u c l e u s  
p r o c e s s .  In f a c t ,  t h e  d i r e c t  r e a c t i o n  p r o c e s s ,  wh ich  i s  p r i n c i p a l l y  a 
s u r f a c e  i n t e r a c t i o n ,  removes  some o f  t h e  i n c i d e n t  beam. T h is  may be 
a l l o w e d  f o r  by m u l t i p l y i n g  t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  each  
e n t r a n c e  ch a n n e l  by a r e d u c t i o n  f a c t o r ,  R .
An a t t e m p t  by Hodgson and Wilmore [Ho 67] t o  c a l c u l a t e  t h e
R was n o t  s u c c e s s f u l .  I t  i s  g e n e r a l l y  assumed t h a t  t h e  r e d u c t i o n
a j i
f a c t o r s  are  t h e  same f o r  a l l  c h a n n e l s  and quantum numbers j and £.
Hence equation (11.54) is simply multiplied through by R, which is 
usually treated as a parameter to be fitted experimentally.
30
II.3.3 WIDTH FLUCTUATIONS IN COMPOUND STATES
From assumptions (3) and (4) in section II.3.1 the Hauser- 
Feshbach cross section is an average over a relatively wide energy 
region. Because of assumption (5), the average over the transmission 
coefficients in (11.54) leads to
if the transmission coefficients are considered energyAdependent over 
the averaging interval.
in the widths of the compound nucleus states [La 57, Mo 61, Mo 64, 
Tu 65]. The cross section is multiplied by the correction factor
<
TqJ j Tq 11 1j 1> (II.55)
However this is not strictly accurate because of fluctuations
Wcoa (11.56)
y TJ = 27l1 T^ (II.57)
a ji j
where (D^) is the mean level spacing. Hodgson [Ho 67a] has calculated
W ., assuming a Porter-Thomas distribution of level widths ascoa
Waa =  (1
(11.58)
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w h e r e  X = F/(r) and & , i s  t h e  K r o n e c k e r  sy m bo l .  T h i s  c o r r e c t i o n
coa
was i n c o r p o r a t e d  i n  t h e  compound n u c l e u s  c r o s s  s e c t i o n s  com puted  i n  
c h a p t e r s  I I I  and IV.
I I . 3 . 4  ESTIMATION OF LEVEL DENSITIES
To c a l c u l a t e  t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  t h e  d e n o m i n a t o r  
i n  e q u a t i o n  ( 1 1 . 5 4 )  i t  i s  n e c e s s a r y  t o  p r o v i d e  a c o m p l e t e  d e s c r i p t i o n  
o f  a l l  e x i t  c h a n n e l s ,  and o f t e n  when l e v e l s  h i g h  i n  t h e  compound s y s t e m  
a r e  e x c i t e d  i n  a r e a c t i o n  t h i s  i s  n o t  p o s s i b l e .  I n  t h e  p r o g r a m  HAUSER, 
t h e  l e v e l - d e n s i t y  f o r m u l a e  o f  G i l b e r t  an d  Cameron [Gi 65]  w e r e  u s e d  f o r  
s u c h  c a s e s .
At low e n e r g i e s  t h e  d e n s i t y  o f  l e v e l s  i s  g i v e n  by
P-j (E)  = ^  ^  e x p [ ( E - E o ) / T ]  , ( I I .  59)
w h e r e  T and E^ a r e  p a r a m e t e r s  d e r i v e d  by f i t t i n g  e x p e r i m e n t a l  d a t a  o f
p ( E )  a t  low e n e r g i e s  o v e r  a w i d e  r a n g e  o f  n u c l e i .  From t h e  s y s t e m a t i c s
o f  t h e  v a l u e s  o f  T and E , G i l b e r t  and Cameron a d v a n c e d  f o r m u l a e  f o ro
d e r i v i n g  t h e s e  p a r a m e t e r s  f o r  p a r t i c u l a r  n u c l e i .  At  h i g h e r  e n e r g i e s  
t h e  d e n s i t y  o f  l e v e l s  o f  g i v e n  J  a t  e n e r g y  E i s  g i v e n  by B e t h e  [Be 36]
P2 ( E , J )
Vtt exp(2VaÜ) ( 2 J + 1 )  exp f - ( J +  j ) g / 2n^ 1
12 1 / 4  5 / 4  n— 3
a U 2V2tt cr
an d  t h e  l e v e l  d e n s i t y  f o r  a l l  l e v e l s  a t  e n e r g y  E i s
( 1 1 . 6 0 )
n _ y n / F tn _  £ l  exp(2VaU)  1 _P2 (E)  -  L  P2 ( E , J )  ~  12 1 / 4  u 5 / 4  ^ ( 1 1 . 6 1 )
w h e r e A ( 0 . 00917 S + K),
0 . 1 4 2  MeV  ^ f o r  u n d e f o r m e d  n u c l e i .
0 . 1 2 0  MeV f o r  d e f o r m e d  n u c l e i ,
U = E - P(Z)  - P(N) MeV,
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P(Z) and P(N) are proton and neutron pairing energy 
corrections,
S = S(Z) + S(N) (where S(Z) and S(N) are proton and neutron 
shell corrections),
I £
and cr2 = 0.0888 (aU)2 A 5, is the spin cut-off parameter.
Most of the parameters are tabulated by Gilbert and Cameron. It should 
be noted that shell and pairing energy effects have been considered 
through the inclusion of P and S.
The transition from formula (11.59) to (11.61) occurs at 
excitation energy where
E = 2.5 + 150/A + P(Z) + P(N) . (11.62)x
At this matching energy then
T = t (U ) x
where t (U) is the nuclear temperature given by
^ < u > ■  Ä  ■
and
Ex - T log[Tp2(Ux)]
(11.63)
(11.64)
(11.65)
This value of E^ agrees reasonable well with that obtained from the 
experimental data.
In deriving these formulae, Gilbert and Cameron noted that 
for light nuclei, particularly those near closed shells, there could be 
considerable errors if this procedure was used without caution. In 
sections III.4.3 and IV.4.4.1, where H.F. calculations were performed, 
the spins and parities of many of the levels were obtained
experimentally. When the Gilbert-Cameron formulae for the level 
density were used, parameter values were obtained from the tables
their work [Gi 65]
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CHAPTER I I I
THE 12C ( d , n  ) 13N REACTION -----------  — 0
I I I . !  INTRODUCTION
C o rd s  e t  a l .  [Co 69]  s t u d i e d  d e u t e r o n  i n d u c e d  r e a c t i o n s  on
1 2C f o r  a l l  o f  t h e  o u t g o i n g  c h a n n e l s  i n v o l v i n g  d e u t e r o n s ,  p r o t o n s  and
a l p h a  p a r t i c l e s  f o r  i n c i d e n t  e n e r g i e s  b e t w e e n  5 and 10 MeV. The
i n i t i a l  i n t e n t i o n  o f  t h e  p r e s e n t  work  was t o  e x t e n d  t h e  i n v e s t i g a t i o n
t o  i n c l u d e  t h e  n e u t r o n  c h a n n e l s ,  b u t  b e c a u s e  o f  t h e  low y i e l d  o f
1 3
n e u t r o n s  t o  t h e  f i r s t  e x c i t e d  s t a t e  o f  N and  t h e  p o o r  e n e r g y  r e s o l u ­
t i o n  o f  t h e  d e t e c t o r ,  i n f o r m a t i o n  on t h e  g r o u n d  s t a t e  n e u t r o n s  o n l y  
c o u l d  be  e x t r a c t e d  f rom t h e  d a t a .
12 13Many o f  t h e  e a r l i e r  i n v e s t i g a t i o n s  o f  t h e  C ( d , n Q) N 
r e a c t i o n  s o u g h t  t o  d e t e r m i n e  i t s  u s e f u l n e s s  a s  a s o u r c e  o f  p a r t i a l l y  
p o l a r i z e d  n e u t r o n s  f o l l o w i n g  a s u g g e s t i o n  by H a e b e r l i  and R o l l a n d  
[Ha 57,  Ha 6 1 ] .  Thus  Sawers  e t  a l .  [Sa 66] i n v e s t i g a t e d  t h e  r e a c t i o n  
f o r  d e u t e r o n  e n e r g i e s  b e t w e e n  2 . 8  and 4 . 2  MeV, and M e i e r  e t  a l .  [Me 66] 
and Morgan e t  a l .  [Mo 66] e x t e n d e d  t h e  e n e r g y  r e g i o n  f rom  1 . 7 4  t o  
5 . 0  MeV.
1 2As w i l l  be  d i s c u s s e d  f u r t h e r  i n  s e c t i o n  I I I . 4 . 2  C + d
r e a c t i o n  e x c i t a t i o n  f u n c t i o n s  a r e  o f  i n t e r e s t ,  i n  t h a t  s t r u c t u r e  i s
e x h i b i t e d  a t  h i g h e r  t h a n  u s u a l  e x c i t a t i o n  e n e r g i e s .  F u l b r i g h t  e t  a l .
[Fu 67] and H o l l a n d s w o r t h  e t  a l .  [Ho 66]  c a r e f u l l y  i n v e s t i g a t e d  a b r o a d
r e s o n a n c e  a t  4 . 0 0  MeV i n  t h e  ( d , n  ) c h a n n e l  a f t e r  V erb a  [Ve 62]
o
s u g g e s t e d  t h e  e x i s t e n c e  o f  a s e c o n d ,  s h a r p e r ,  o v e r l a p p i n g  r e s o n a n c e  a t  
3 .91 MeV.
At  low e n e r g i e s ,  t h e  r e s o n a n c e s  a r e  r e l a t i v e l y  i s o l a t e d ,  
a l l o w i n g  r e a s o n a b l e  f i t s  t o  t h e  r e s o n a n c e s  t o  be a c h i e v e d  u s i n g  a
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m i x t u r e  o f  DWBA and B r e i t - W i g n e r  a m p l i t u d e s .  T h i s  method  was u s e d  by
F u l b r i g h t  e t  a l .  on t h e  4 . 0 0  MeV r e s o n a n c e ,  Gudehus  e t  a l .  [Gu 66] on
12 13t h e  3 . 0  MeV r e s o n a n c e  w h ic h  a p p e a r s  i n  b o t h  t h e  ‘”C ( d , n o ) N and
12 13C ( d , p  ) C r e a c t i o n s ,  and L e o n a r d  and W e l l s  [Le 70] on t h e  3 . 4  MeV 
o
12 13r e s o n a n c e  i n  t h e  C ( d , p Q) C r e a c t i o n .  On t h e  o t h e r  h a n d , H o d g s o n  and
1 2W i lm o re  [Ho 67b] a t t e m p t e d  t o  f i t  many C + d i n d u c e d  r e a c t i o n s  below 
5 MeV u s i n g  a m i x t u r e  o f  DWBA and H.F.  c r o s s  s e c t i o n s .  The s p e c t r o ­
s c o p i c  f a c t o r s  o b t a i n e d  w e r e  w i t h i n  a f a c t o r  o f  two o f  t h e  c a l c u l a t e d  
v a l u e s ,  b u t  t h e  f i t s  t o  t h e  a n g u l a r  d i s t r i b u t i o n s  w e r e  n o t  a l w a y s  
s u c c e s s f u l .
L e f e v r e  e t  a l .  [Le] h a v e  c o l l e c t e d  t h e  w ork  o f  s e v e r a l  
12 13
a u t h o r s  f o r  t h e  C ( d , n  ) N r e a c t i o n  be low  5 MeV and n o r m a l i z e d  t h e
o
d a t a  t o  t h e  work o f  J a s z c z a k  [ J a  6 9 ] .  Both t h e  ( d , n Q) an d  t h e  ( d , p ^ )  
c h a n n e l s  h a v e  s i m i l a r  e x c i t a t i o n  f u n c t i o n s  up t o  t h i s  e n e r g y ,  b u t  a p a r t  
f rom some i s o l a t e d  a n g u l a r  d i s t r i b u t i o n s  o b t a i n e d  ab o v e  9 MeV [Ca 57,
12 I 3Ve 69,  Ga 69,  Ko 63 ,  Mu 71] t h e  C ( d , n  ) N e x c i t a t i o n  f u n c t i o n  h a so
n o t  b e e n  p r e v i o u s l y  i n v e s t i g a t e d  b e t w e e n  5 and 12 MeV. Bald eweg  e t  a l .
12 13
[Ba 65] h a v e  m e a s u r e d  t h e  C ( d , n )  N t o t a l  c r o s s  s e c t i o n  f rom 9 . 2  MeV 
t o  1 3 . 8  MeV. G a n d a h a r a n  and Wolke [Ga 70]  h a v e  shown t h a t  t h e  ( d , n Q) 
an d  ( d , p Q) c h a n n e l s  e x h i b i t  s i m i l a r  v a r i a t i o n s  i n  t h e  r a t i o  o f  c a l ­
c u l a t e d  t o  e x p e r i m e n t a l  s p e c t r o s c o p i c  f a c t o r s  f rom  10 MeV t o  20 MeV, 
s u g g e s t i n g  t h a t  t h e  s i m i l a r i t y  i n  t h e i r  e x c i t a t i o n  f u n c t i o n s  may 
c o n t i n u e  i n  t h i s  e n e r g y  r e g i o n .
R e c e n t l y  M u t c h l e r  e t  a l .  [Mu 71] o b t a i n e d  an  a n g u l a r  d i s -
12 13t r i b u t i o n  a t  1 1 . 8  MeV i n  t h e  C ( d , n  ) N r e a c t i o n ,  and a n a l y s e d  i t
o
u s i n g  a DWBA m e th o d .  No compound n u c l e u s  e f f e c t s  w e r e  i n c l u d e d  i n  t h e
a n a l y s i s .  P e a r s o n  e t  a l .  [Pe 69] h a v e  em ployed  t h e  ' w e a k l y  bound
p r o j e c t i l e '  (WBP) model  o f  t h e  d i r e c t  r e a c t i o n  t o  a n a l y s e  t h e
12 13C ( d , p )  C r e a c t i o n  f rom 7 t o  26 MeV i n c i d e n t  e n e r g y .  I n  f i t t i n g  t h e
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e x p e r i m e n t a l  a n g u l a r  d i s t r i b u t i o n s  t h e y  o n l y  i n c l u d e d  a s m a l l ,
i s o t r o p i c  C.N. b a c k g r o u n d  and c l a i m e d  t o  h a v e  a c h i e v e d  f i t s  s u p e r i o r  t o
t h o s e  u s i n g  t h e  DWBA mode l .  B lu e  e t  a l .  [ B1 72]  i n  t h e i r  a n a l y s i s  o f
12 13p r o t o n  p o l a r i z a t i o n  f r om  t h e  C ( d , p )  C r e a c t i o n  a l s o  s u g g e s t  t h a t  
C.N. e f f e c t s  a r e  n o t  t h e  p r i m a r y  r e a s o n  f o r  t h e  f a i l u r e  o f  t h e  DWBA 
f o r m a l i s m  t o  a c c o u n t  f o r  t h i s  r e a c t i o n ,  and  t h a n  an  a l t e r n a t i v e  d e s ­
c r i p t i o n  su ch  a s  t h e  WBP model  m i g h t  b e t t e r  a c c o u n t  f o r  t h i s  r e a c t i o n .  
The v a l i d i t y  o f  a s c r i b i n g  a l l  t h e  d i f f i c u l t i e s  t o  t h e  DWBA t h e o r y  
r a t h e r  t h a n  t o  C.N. p r o c e s s e s  i s  d o u b t f u l  c o n s i d e r i n g  t h e  low v a l u e  o f  
r / D  a t  t h e s e  d e u t e r o n  e n e r g i e s  and t h e  c o n s i d e r a b l e  amount  o f  s t r u c t u r e  
i n  t h e  e x c i t a t i o n  f u n c t i o n  ( s e c t i o n  I I I . 4 . 3  and 2 ) ,  a l t h o u g h  i t  i s  
p r o b a b l e  t h a t  t h e  WBP model p r o v i d e s  a b e t t e r  d e s c r i p t i o n  o f  d e u t e r o n  
i n d u c e d  d i r e c t  r e a c t i o n s  on l i g h t  n u c l e i  t h a n  d o e s  t h e  DWBA f o r m a l i s m .
B udzanow sk i  e t  a l .  [Bu 71] a l s o  f a i l e d  t o  f i t  p r o t o n  p o l a r i z a t i o n s  a t
12 131 2 . 4  MeV i n c i d e n t  e n e r g y  i n  t h e  C ( d , p ^ )  C r e a c t i o n  u s i n g  a DWBA 
m e t h o d .
I n  t h e  p r e s e n t  work  a m i x t u r e  o f  DWBA and  H.F.  c r o s s  s e c t i o n s  
was u s e d  t o  f i t  t h e  e x p e r i m e n t a l  d a t a ,  w i t h  t h e  method  o f  f i t t i n g  
d i s c u s s e d  i n  s e c t i o n  I I I . 4 . 1 .
I I I . 2 EXPERIMENTAL PROCEDURE 
I I I . 2 .1  BEAM
The ANU Model  EN Tandem a c c e l e r a t o r  p r o v i d e d  d e u t e r o n  beams 
o f  e n e r g i e s  b e t w e e n  3 . 6  and 12 MeV, w hose  e n e r g y  s p r e a d  was known t o  be 
l e s s  t h a n  ± 5 keV fr o m  p r e v i o u s  c a l i b r a t i o n  work .  The beam was f o c u s e d  
t h r o u g h  f o u r  1 . 5  mm c o l l i m a t o r s  s p a c e d  1 0 . 3  cm a p a r t ,  8 . 2  m b eyond  t h e  
90°  a n a l y s i n g  m a g n e t ,  and t h e n  t h r o u g h  a f u r t h e r  1 . 5  mm a p e r t u r e
2 5 . 5  cm b e f o r e  t h e  t a r g e t ,  t o  p r o d u c e  a  s m a l l ,  c e n t r a l l y - l o c a t e d  beam 
s p o t .  B e c a u s e  o f  t h e  l a r g e  y - r a y  b a c k g r o u n d  a r i s i n g  p r i n c i p a l l y  f rom
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beam impact with the collimators and target backing, the beam current 
was limited to a maximum of 50 namp. Secondary electrons, arising from 
the beam$ striking the target, were confined to the target chamber by 
an electrostatic suppression of -300 V applied between the target 
chamber and an insulated section prior to it, so that the target 
chamber acted as its own Faraday cup. An Elcor A309B current 
integrator automatically terminated the data collection after a preset 
charge had been accumulated.
III.2.2 TARGET CHAMBERS AND TARGET
Figure III.1 shows the two target chambers employed in this 
work. Both chambers held the target at 45° to the beam direction and 
were centred over a rotating aluminium table. The chambers were 
insulated from the preceding section of one inch diameter beam tube by 
perspex spacers to prevent leakage current when the suppressor voltage 
was applied. A one inch long section of one inch diameter copper tube, 
cooled by liquid nitrogen, was placed before the target to prevent 
condensible vapours contaminating the target.
B
Initially the simple target chamber (figure 111.1(A)), made
from 2 mm thick aluminium was used, but later was replaced by the
ft
brass, water-cooled target chamber (figure 111.1(B)). The neutron 
energy attenuation in passing through the chamber wall was negligible 
with either chamber..
1 2Natural C targets were obtained by evaporating carbon from 
a carbon arc onto \ inch diameter tungsten discs. The discs had been 
sandblasted to clean the surface, and then heated to 2000 °C in vacuum 
for five minutes to remove adsorbed gases.
Figure III.l. Experimental apparatus used in the neutron emitting
reactions described in chapters III and IV. The 45° target chamber 
is shown with the cold trap in (B) and with water cooling in (A). 
Also shown in (A) is the lead shield placed around the stilbene 
crystal to reduce the low energy 7-ray flux.
(B)
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S e l f - s u p p o r t i n g  c a r b o n  f o i l  t a r g e t s  w e r e  p r e p a r e d  by s u s p e n d ­
i n g  c l e a n  g l a s s  s l i d e s  ab o v e  t h e  c a r b o n  a r c ,  and t h e n  f l o a t i n g  o f f  t h e  
c a r b o n  d e p o s i t  i n  d e m i n e r a l i z e d  w a t e r ,  f rom w h ich  t h e y  w e r e  p i c k e d  up 
on a l u m i n iu m  f r a m e s .  The f o i l  t h i c k n e s s e s  w e r e  m e a s u r e d  on t h e  ANU 
model  AK 2 MeV Van de  G r a a f f  a c c e l e r a t o r ,  by o b s e r v i n g  t h e  e l a s t i c  
s c a t t e r i n g  o f  1 MeV p r o t o n s  f rom  t h e  f o i l s  i n  10°  i n t e r v a l s  f r om  30°  t o
Q Q
90 . The s c a t t e r e d  p r o t o n s  w e r e  d e t e c t e d  by a 100 mm p a r t i a l l y  
d e p l e t e d  s i l i c o n  s u r f a c e - b a r r i e r  d e t e c t o r ,  and t h e  r e s u l t i n g  1024 
c h a n n e l  s p e c t r u m  was s t o r e d  i n  a N u c l e a r  D a ta  ND2200 p u l s e  h e i g h t  
a n a l y s e r .  P e r f o r m i n g  t h e  m e a s u r e m e n t s  a t  a p r o t o n  e n e r g y  o f  1 MeV 
a v o i d e d  r e s o n a n c e s  i n  t h e  e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n  [ J a  5 3 ] .
1 2A p e a k - f i t t i n g  p ro g r am  [Op 70]  s e p a r a t e d  t h e  C p e a k  f rom
1 6
t h e  ac c o m p a n y i n g  0 p e a k .  F i g u r e  I I I . 2 shows a t y p i c a l  e x p e r i m e n t a l  
s p e c t r u m  and t h e  r a t i o  o f  e x p e r i m e n t a l  y i e l d  t o  R u t h e r f o r d  s c a t t e r i n g  
o v e r  t h e  a n g u l a r  r a n g e .  F o rw ar d  o f  60°  ( l a b )  t h e  s c a t t e r i n g  a p p e a r e d  
p u r e l y  R u t h e r f o r d  t o  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r s ,  so t h a t  t h e  
t h i c k n e s s  was d e t e r m i n e d  w i t h i n  t h i s  r e g i o n .
Two o f  t h e s e  f o i l s ,  d e t e r m i n e d  a s  2 5 . 0  ± 1 . 6  p g / c m 2 and
2 4 . 8  ± 1 . 6  p g / c m 2 r e s p e c t i v e l y ,  w e r e  p l a c e d  i n  f r o n t  o f  c l e a n  t u n g s t e n
d i s c s  i n  t h e  4 5 °  t a r g e t  cha mber  an d  bombarde d  w i t h  7 . 0  MeV d e u t e r o n s .
From t h e  r a t i o  o f  t h e  n e u t r o n  y i e l d  t o  t h a t  o b t a i n e d  w i t h  t h e  c a r b o n
t a r g e t s  e v a p o r a t e d  o n t o  t u n g s t e n  b a c k i n g s ,  t h e  t h i c k n e s s  o f  t h e
12 13t u n g s t e n - b a c k e d  t a r g e t  u s e d  i n  t h e  C ( d , n Q) N e x p e r i m e n t s  was 
c a l c u l a t e d  t o  b e  96 ± 10 p g / c m 2 .
I I I . 2 . 3  DETECTOR AND ELECTRONICS
12 13F o r  t h e  C ( d , n  ) N e x p e r i m e n t  a 2 . 5  cm l o n g  by 2 . 5  cm 
o
d i a m e t e r  c y l i n d r i c a l  s t i l b e n e  c r y s t a l ^ ,  m oun ted  on a  P h i l i p s  56 AVP
o b t a i n e d  f rom N u c l e a r  E n t e r p r i s e s ,  S i g h t h i l l ,  E d i n b u r g h  11,  S c o t l a n d .
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Figure III.2. A typical proton elastic scattering spectrum is shown in 
part (A) with the fit obtained using a nonlinear least squares 
program. The ratio of yield to Rutherford cross section vs. 
laboratory angle is shown in (B). The target thickness was obtained 
from the cross section forward of 60°.
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p h o t o m u l t i p l i e r  t u b e ,  was u s e d  a s  t h e  n e u t r o n  d e t e c t o r .  A t h i n - w a l l e d  
a l u m i n i u m  ca n  p o s i t i o n e d  t h e  c r y s t a l  a b o v e  t h e  c e n t r e  o f  t h e  p h o t o ­
c a t h o d e ;  t h e  method  o f  m o u n t in g  t h e  c r y s t a l  i s  shown i n  f i g u r e  I I I . 3.  
To r e d u c e  t h e  c o n s i d e r a b l e  ß - r a y  and low e n e r g y  y - r a y  f l u x  e n t e r i n g  t h e  
c r y s t a l ,  a m a c h in e d  0 . 9 5  cm t h i c k  l e a d  s h i e l d  c o u l d  be  p l a c e d  a r o u n d  
t h e  a l u m i n iu m  c a n .  T h i s  t h i c k n e s s  o f  l e a d  c a u s e d  n e g l i g i b l e  i n t e r ­
f e r e n c e  t o  t h e  n e u t r o n  f l u x  i n t e r c e p t i n g  t h e  c r y s t a l .
An ORTEC 271 c o n s t a n t  f r a c t i o n  o f  p u l s e  h e i g h t  (CFPH) p h o t o ­
m u l t i p l i e r  b a s e  was c o u p l e d  t o  t h e  p h o t o m u l t i p l i e r  t u b e ,  and t h e
a s s e m b l y  was moun ted  w i t h  p r o v i s i o n  f o r  r a d i a l  and  v e r t i c a l  a d j u s t m e n t
1
( f i g u r e  I I I . 2 ) .
F i g u r e  I I I . 4 shows t h e  e l e c t r o n i c  c i r c u i t  u s e d .  A l i n e a r  
s i g n a l  was o b t a i n e d  f rom t h e  1 0 t h  dy n o d e  o f  t h e  p h o t o m u l t i p l i e r  t u b e ,  
p a s s e d  t h r o u g h  a ( x 2 )  p r e a m p l i f i e r ,  s h a p e d  and a m p l i f i e d  by an  ORTEC 
410 a m p l i f i e r ,  d e l a y e d  by an ORTEC 427 d e l a y  u n i t ,  and f e d  i n t o  an  
ORTEC 426 g a t e  u n i t .  T h i s  l i n e a r  p u l s e  was a l s o  d o u b l y  d i f f e r e n t i a t e d  
i n  a n o t h e r  ORTEC 410 a m p l i f i e r  u s e d  i n  t h e  ' d e l a y  l i n e '  mode so  t h a t  an 
a c c u r a t e  t i m i n g  p u l s e  f rom an  ORTEC 420  t i m i n g  s i n g l e  c h a n n e l  a n a l y s e r  
(TSCA), t r i g g e r i n g  on t h e  z e r o - c r o s s o v e r  p o i n t ,  was made a v a i l a b l e  t o  
t h e  t i m i n g  c i r c u i t .  The CFPH b a s e  a l s o  p r o v i d e d  a f a s t  n e g a t i v e  p u l s e ,  
d e r i v e d  f rom t r i g g e r i n g  a z e r o - c r o s s o v e r  d i s c r i m i n a t o r  a t  a p r e s e t  
f r a c t i o n  (20%) o f  t h e  an o d e  p u l s e .  Low a m p l i t u d e  p u l s e s  ( e . g .  t h e r m a l  
n o i s e ,  X - r a y s ,  e t c . )  w e r e  r e j e c t e d  by a d i s c r i m i n a t o r ,  s e t  i n  t h e  b a s e  
and o p e r a t e d  r e m o t e l y  f rom an  ORTEC 403A t i m e  p i c k o f f  c o n t r o l  u n i t ,  
w h i c h  a l s o  c o n v e r t e d  t h e  f a s t  an o d e  p u l s e  t o  a s lo w  p o s i t i v e  p u l s e .  
A f t e r  b e i n g  d e l a y e d  by an  ORTEC 416 g a t e  and d e l a y  g e n e r a t o r  ( t o  com­
p e n s a t e  f o r  t h e  1 p s e c  d e l a y  i n  t h e  d o u b l e  d i f f e r e n t i a t i n g  410 
a m p l i f i e r )  t h e  o u t p u t  o f  t h e  t i m e  p i c k o f f  c o n t r o l  u n i t  t r i g g e r e d  an  
ORTEC 437 t i m e  t o  a m p l i t u d e  c o n v e r t e r  (TAC). The ' s t o p '  p u l s e  . to  t h e
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Figure III.4. The electronics system used in the experiments described 
in chapters III and IV is shown in part (a) of this figure. The 
numbers above the units refer to the ORTEC module code numbers.
The excellent n-y discrimination properties of this system are
illustrated by the output of the TAC shown in part (b) for the
12 13C(d,nQ) N reaction at 7.5 MeV. By setting a window on the 
neutron peak, practically all the y-ray pulses can be prevented 
from reaching the ADC.
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TAC was provided by the fast negative pulse derived from the 10th 
dynode of the photomultiplier tube.
As explained in appendix A, light pulses produced by recoil 
protons contain a larger percentage of slow decay components than those 
from recoil electrons. Thus the recoil proton integral pulses from the 
double differentiating 410 amplifier have a later zero-crossing time, 
leading to a TAC output pulse significantly larger for neutrons than 
for y-rays. A pulse-height window was set on the neutron timing pulses 
using a further ORTEC 420 TSCA, and then the logic output pulses from 
this unit were used to open the gate unit for the shaped neutron pulses 
to be analysed by an Intertechnique ADC. The count rate at the ADC was 
such that dead-time corrections did not exceed 2°]0.
Although n-y discrimination techniques providing better dis­
crimination at low neutron energies are available, the system described 
was suitable for the neutron energies involved in the reactions studied 
in this thesis, and had the advantage of being simple to set up and 
operate. The resulting 512 channel spectrum was collected in an I.B.M. 
1800 computer and, together with relevant parameters, was stored on 
disk at the conclusion of each experimental run. Later, the spectra 
were transferred to an I.B.M. 360/50 computer via a data link, for 
storage and analysis.
III.3 DATA REDUCTION 
III.3.1 GENERAL
The absolute differential cross section is given by
do; = Y1
dco e t d (III-1)
where 'y 1' is the yield of particles from the reaction within the solid
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angle subtended at the target by the stilbene crystal, and 'd' is the 
number of deuterons bombarding the target of surface density 1t' atoms 
cm-2. From the known target thickness (section III.2.2) and the 
accumulated charge measured by the current integrator (section III.2.1), 
the latter two quantities were readily calculated. The detector 
efficiency, e, was obtained as described in section III.3.4.
The recoil proton spectra consist of a series of plateaux,
each of which results from neutrons leaving the final nucleus in a
definite state. To eliminate neutrons from states of higher energy
than that being studied, a bias energy, E , was chosen such thatB
> + E. (III.2)
where E. is the neutron energy from the next excited state and E is 
1 K
the energy resolution of the detection system. Thus the total number 
of recoil protons detected by the crystal from a particular neutron 
group, Y', is given by
Y' (III.3)
where E^ is the neutron energy from the state being studied and Y is 
the yield between energies E and E (figure A.1).
N D
III.3.2 CALIBRATION
1 3The density of levels above the first excited state in N is 
too high to allow the resolution of neutrons from these levels, using a 
stilbene crystal. Thus the spectra were calibrated by observing the 
shift in position of the ground state plateau, as the neutron energy 
was changed by altering either the beam energy or the angle of
observation.
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A straight line was fitted to the plot of vs. the plateau
cut-off channel, CH^, by a linear least-squares program. For the 
12 . 1 3C(d,n ) N reaction a value of 1 . 5 MeV was chosen for (E1i7 - E )  to o N B
12 12avoid the three particle break-up reaction ~C(d,np) C (the binding
1 2energy of a proton to the C nucleus is 1.944 MeV).
12 13The C(d,n^) N angular distributions were normalized to the 
excitation function since, involving a larger energy range, the latter 
could be calibrated more accurately.
III.3.3 BACKGROUND
12 13The Q-value for the C(d,n ) N reaction is low (-0.281 MeV),o
and so it was possible for both neutrons and y-rays from competing 
reactions to produce a background. In practice, such background was 
found only beyond 30° in the higher energy angular distributions.
Since care had been taken in making the C targets, the only
1 6likely major contaminant was 0. This was illustrated in the
experiments conducted to find the thickness of carbon foils produced at
1 2the same time as the tungsten-backed C targets (section III.2.2),
when the principal elastically scattered proton groups observed were
those from and ^ 0  (figure III.2). However, the ^0(d,n )^  F
12 13reaction is more endothermic (Q = -1.627 MeV) than the C(d,n ) No
reaction, and so has no effect on the analysis.
The following points explain the small y-ray and neutron 
background from any other contaminants in the target:
(1) the highly efficient neutron y-ray discrimination circuit 
used (section III.2.3),
12 13(2) the high cross section for the C(d,nQ) N reaction 
(~ 25 mb/sr at 0°),
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( 3 )  t h e  d e c r e a s e  i n  d e t e c t i o n  e f f i c i e n c y  f o r  e i t h e r  n e u t r o n s  o r  
7 - r a y s  w i t h  i n c r e a s i n g  e n e r g y ,
an d  ( 4 )  t h e  l a r g e  d i s t a n c e  ( a p p r o x i m a t e l y  4 m) b e t w e e n  t h e  c o l l i m a t i n g  
s l i t s  and t h e  d e t e c t o r .
At backw ard  a n g l e s ,  w h e r e  t h e  c r o s s  s e c t i o n  was ~ 4 m b / s r ,  
t h e  b a c k g r o u n d  c o u l d  be  f i t t e d  w i t h  a s t r a i g h t  l i n e  s i n c e ,  w i t h i n  t h e  
c h a n n e l  r a n g e  o v e r  w h ich  Y was o b t a i n e d ,  t h e r e  was l i t t l e  v a r i a t i o n  i n  
t h e  s l o p e  o f  t h e  b a c k g r o u n d .
A t u n g s t e n  b l a n k ,  c l e a n e d  i n  t h e  manner  d e s c r i b e d  i n  s e c t i o n
I I I . 2 . 2 ,  was bombarded w i t h  8 MeV d e u t e r o n s  b u t  was fo u n d  t o  p r o d u c e
o n l y  a s m a l l  h i g h  e n e r g y  n e u t r o n  y i e l d  ( f i g u r e  I I I . 5 ) .  T a b l e  I I I . l
l i s t s  t h e  common i s o t o p e s  o f  t u n g s t e n  and t h e i r  r e a c t i o n  Q - v a l u e s  f o r
t h e  ( d , n  ) r e a c t i o n ,  t a k e n  f rom [Ma 6 6 ] .  
o
TABLE I I I . !
A b u n d a n ces  and Q - v a l u e s  o f  t h e  common i s o t o p e s  o f  t u n g s t e n  [Ma 6 6 ]
I s o t o p e °jo Abundance Q - V a l u e  (MeV) A ( Q - V a lu e )  (MeV)
,82w 2 6 . 4 +  2 . 3 ± 1. 0
,83w 1 4 . 4 + 2 . 8 ± 1 . 0
,84w 30.  5 + 3 .121 ± 0. 057
186w 2 8 . 4 +  3 . 7 6 6 ± 0 .0 5 9
I I I . 3 . 4  DETECTOR EFFICIENCY
An a d a p t i o n  o f  a G e ( L i )  d e t e c t o r  e f f i c i e n c y  p r o g r a m  [Op 71] 
was u s e d  t o  c a l c u l a t e  t h e  e f f i c i e n c y  e ( E  ,H) i n  e q u a t i o n  ( I I I . l ) .  The 
e f f i c i e n c y  i s  g i v e n  by
200
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Figure III.5. Neutron spectrum obtained when a tungsten-backed C 
target (lower) and a tungsten backing (upper) were bombarded with 
8 MeV deuterons. Few energetic neutrons were observed from the 
tungsten backing.
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e(EN,H) J _  [  2 V b(V2TK a(V
-axe ) sin0 d0 (III.4)
where x is the neutron path length through the crystal,
x = L sec0 for 0 < 0 < 0^
and
x = R cosec0 - H sec0 for 0^
and
tan-1 (L+H) ’
(III.4a)
tan (L+H) < Q < 62 ’
a(V VVV +nC°C(V (III.4b)
The terms n^, n^, cr^  and cr^  are the number of hydrogen and carbon atoms 
3per cm in stilbene, and their total neutron cross sections respectively 
(all these quantities were obtained from reference [Sw 57]). Figure 
III.6 defines the terms L, H, R, 0^  , and 0 .
Ophel [Op 58] showed that to first order, the fractional 
change in the solid angle for a finite target spot of radius 'a1 was 
given by
A
fi(0)
3 2 3^ .a cos 62 SLn 02
4 H2(1-cos02)
= 0.06
(III.5)
for the geometry used. This correction is indicative of the magnitude 
of the error in assuming a point neutron source in the efficiency 
calculation in equation (III.4).
No experimental values of the absolute efficiency were 
obtained, although the variation of e with H was measured experimentally 
and compared with the calculated values, as shown in figure III.7. It 
can be seen that, to within the errors, the effliency as a function of 
distance is calculated satisfactorily using formula (III.4).
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I I I . 3 . 5  RESULTS
The e x c i t a t i o n  f u n c t i o n  was m e a s u r e d  a t  0° t o  t h e  beam d i r e c ­
t i o n  b e t w e e n  3 . 6  and 1 2 . 0  MeV d e u t e r o n  e n e r g y  i n  50 keV s t e p s .  A n g u l a r
o
d i s t r i b u t i o n s  w e r e  m e a s u r e d  a t  7 ,  8,  9,  1 0 . 5  and 1 2 . 0  MeV a t  5 
i n t e r v a l s  f rom 0° t o  3 0 ° ,  and 10°  i n t e r v a l s  f rom  30°  t o  t h e  maximum 
a n g l e  m e a s u r e d ,  w h ich  was 150°  f o r  t h e  t h r e e  l o w e r  e n e r g i e s  and 30°  f o r  
t h e  two h i g h e r  e n e r g i e s .
F i g u r e  I I I . 8 shows t h e  e x c i t a t i o n  f u n c t i o n  o b t a i n e d .  I n  t h e  
e n e r g y  r e g i o n  f rom 3 . 6  t o  5 . 0  MeV i n c i d e n t  e n e r g y  t h e  p r e s e n t  d i f f e r e n ­
t i a l  c r o s s  s e c t i o n s  r e p r o d u c e  t h o s e  c o l l e c t e d  by L e f e v r e  e t  a l .  [Le] 
w e l l ,  w h i l s t  a t  h i g h e r  e n e r g i e s  t h e r e  i s  c o n s i d e r a b l e  s t r u c t u r e ,  
s i m i l a r  t o  t h e  ^ C ( d , p  ) ^ C  e x c i t a t i o n  f u n c t i o n  i n  s p i t e  o f  t h e  30°  
a n g u l a r  d i f f e r e n c e .  Above 9 MeV t h e  o n l y  p u b l i s h e d  e x c i t a t i o n  f u n c t i o n
f o r  t h e  ^ C ( d , p  ) ^ C  r e a c t i o n  i s  t h e  4 5 °  d a t a  o f  Evans  e t  a l .  [Ev 63] o
w h i c h  a l s o  shows c o n s i d e r a b l e  s t r u c t u r e .
G a n g a d h a r a n  and Wolke [Ga 70]  u s e d  a r e c o i l  method  t o  i n v e s -  
12 13t i g a t e  t h e  C ( d , n  ) N r e a c t i o n  ab o v e  12 MeV, b u t  s i n c e  t h e i r  o
e x c i t a t i o n  f u n c t i o n  was o b t a i n e d  a t  a r e c o i l  a n g l e  o f  6 1 °  t o  t h e  beam 
d i r e c t i o n  a t  i n t e r v a l s  o f  a p p r o x i m a t e l y  200  keV, i t  h a s  n o t  b ee n  
i n c l u d e d  i n  f i g u r e  I I I . 8.  T h e i r  e x t e n s i o n  o f  t h e  g r a p h  o f  S c h i f f e r  e t  
a l .  [Sc 67] s how ing  t h e  c h a n g e  i n  t h e  r a t i o  o f  e x p e r i m e n t a l  t o  
t h e o r e t i c a l  s p e c t r o s c o p i c  f a c t o r s  w i t h  e n e r g y ,  i n d i c a t e s  t h a t  f o r  b o t h  
t h e  p r o t o n  and n e u t r o n  c h a n n e l s ,  t h e  r e s o n a n c e  s t r u c t u r e  p e r s i s t s  up t o  
a b o u t  17 MeV d e u t e r o n  e n e r g y .
F i g u r e  I I I .  9 shows t h e  f i v e  e x p e r i m e n t a l  a n g u l a r  d i s t r i b u t i o n s  
m e a s u r e d .  I t  c a n  be  s e e n  t h a t  t h e  a n g u l a r  d i s t r i b u t i o n s  show a t e n d e n c y  
t o w a r d s  a more t y p i c a l  s t r i p p i n g  p a t t e r n  a s  t h e  d e u t e r o n  e n e r g y  
i n c r e a s e s .  The p r e s e n c e  o f  a n o n - d i r e c t  m echan i sm  i s  i n d i c a t e d  by t h e
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Figure III.8. Comparison of the 0° ^ C ( d , n Q ) ^ N  and 30° ^ C ( d , p Q ) ^ C  
excitation functions up to 12 MeV bombarding energy from the works 
of a number of authors. The present work agrees well in absolute 
cross section with that of Lefevre et al. [Le], and shows that the 
similarity of the excitation functions of the two reactions con­
tinues at least up to 9 MeV. Table III. 2 gives the relative errors 
at 500 keV intervals for the excitation function measured in the 
present work.
Cfd.rg N
ANGULAR DISTRJBUTIONS
9 MeV
12 MeV
- / \
8 MeV
105 MeV
\  7 MeV
0 10 20 30 40 50 60 70 80 90 100 MO 120 f30 140150 0 10 20 30 40
C M. ANGLE (degrees)
Figure III.9. This figure shows the C.M. cross sections for the five 
12 13C(d,no) N angular distributions measured in this work. The large 
7-ray background at 10.5 and 12.0 MeV deuteron energy prevented the 
angular distributions being obtained beyond 30°. Table III.3 lists 
the cross sections and errors for these angular distributions.
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s u b s t a n t i a l  y i e l d  o b t a i n e d  a t  t h e  minima o f  t h e  a n g u l a r  d i s t r i b u t i o n s .
The  o r b i t a l  a n g u l a r  momentum t r a n s f e r r e d  t o  t h e  t a r g e t  i s  
u n a m b i g u o u s l y  p r e d i c t e d  t o  b e  i  = 1 a n d ,  f r om v i s u a l  i n s p e c t i o n ,  t h e  
p o s i t i o n  o f  t h e  f o r w a r d  peak  c o n f i r m s  t h i s  a s s i g n m e n t .
I I I . 3 . 6  ERRORS
C o n t r i b u t i o n s  t o  t h e  e r r o r s  f o r  r e p r e s e n t a t i v e  p o i n t s  i n  t h e
12 13
e x c i t a t i o n  f u n c t i o n  f o r  t h e  C ( d , n  ) N r e a c t i o n  a r e  l i s t e d  i n  t a b l eo
I I I . 2 ,  and  f o r  r e p r e s e n t a t i v e  p o i n t s  i n  t h e  a n g u l a r  d i s t r i b u t i o n s  i n  
t a b l e  I I I . 3.
TABLE I I I .  2
C r o s s  s e c t i o n s an d  r e l a t i v e  e r r o r s  i n  t h e  e x c i t a t i o n  
a t  500 keV i n t e r v a l s
f u n c t i o n
Ed
(MeV)
der
dc^ L
( m b / s r )
*(!0 
( m b / s r )
Ed
(MeV)
der
du>L
( m b / s r )
‘ ( s )
( m b / s r )
4.  0 25.1 2.1 8 . 5 2 0 . 8 1 . 5
4 . 5 2 0 . 7 1 .7 9 . 0 2 7 . 4 2 . 0
5 . 0 2 2 . 7 1 .6 9 . 5 2 5 . 2 1 . 8
5 . 5 21 .8 1 . 6 1 0 . 0 28 . 1 2 . 0
6 . 0 2 0 . 5 1 . 8 1 0 . 5 34.1 2 . 5
6 . 5 2 9 . 7 2. 1 1 1 . 0 3 6 . 8 2 . 6
7 . 0 29 . 1 2.1 1 1 . 5 3 9 . 8 2 . 9
7 . 5 2 9 . 7 2.1 1 2 . 0 3 3 . 5 2 . 5
00 o 2 5 . 5 1 . 8
The e r r o r  i n  t h e  c a l i b r a t i o n  was c a l c u l a t e d  f r om t h e  l e a s t  
s q u a r e s  f i t  p r o c e d u r e  and was  d e p e n d e n t  upon  t h e  number  o f  c a l i b r a t i o n
p o i n t s  u s e d .
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Cross sections
TABLE III.3
1 2and relative errors for the C(d,no
angular distributions
.13 ) N
7 MeV 8 MeV
ÖCM
(degrees)
der
da)c
(mb/sr)
A (  d“ e )  
(mb/sr)
0CM
(degrees)
der
dooc
(mb/sr) (mb/sr)
0. 0 23.3 1 .9 0.0 17.8 1.4
2.8 22.9 2.0 2.8 17.8 1.4
5.6 23.6 2.1 5.6 18.9 1.4
8.1 23.8 2.2
11.2 23.5 2.2 11.2 20.3 1 .6
13.3 23.6 2.2
16.7 22.2 2.1 16.7 19.6 1 . 5
22.3 19.3 1 .9 22.3 17.6 1.4
27.8 15.8 1 .8 27.8 13.8 1 .1
33.3 12.1 1 .2 33.3 9.78 0.78
38.8 9.4 1.0 38.8 6.74 0. 54
44.3 6.90 0. 58 44.3 4.1 0 0.34
55.1 4.26 0.36 55.1 2.62 0.22
65.8 3.06 0.27 65.8 2.66 0.23
76.3 2.30 0.19 76.3 2.53 0.22
86.6 1.78 0.18 86.6 2.22 0.19
96.7 1.82 0.14 96.7 2.38 0.19
1 06.6 2.18 0.18 1 06.6 3.32 0.26
116.3 2.87 0.23 116.3 4.17 0.34
125.8 3.98 0.32 125.8 4.65 0.37
135.1 4. 58 0.36 135.1 4.76 0.38
1 44.3 7.1 2.2 144.3 5.31 0.41
153.3 9.2 2.8 153.3 6.2 1 .6
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TABLE I I I . 3 ( c o n t i n u e d )
9 MeV 1 0 . 5  MeV
9 CM d a A ( dO 0 CM
der 4 S r )dooc dwc
( d e g r e e s ) ( m b / s r ) ( m b / s r ) ( d e g r e e s ) ( m b / s r ) ( m b / s r )
0 . 0 21 . 8 1 . 6 0 . 0 2 7 . 3 2 . 0
2 . 8 2 1 . 8 1 . 6 5 . 6 2 7 . 8 2 . 0
5 . 6 2 2 . 7 1 . 6
1 1 . 2 2 3 . 3 1 .7 1 1 . 2 27.1 1 . 9
1 6 . 7 21 .2 1 . 5 16 . 7 2 4 . 6 1 . 8
2 2 . 3 1 7 . 5 1 . 3 2 2 . 3 1 9 . 4 1 . 4
2 7 . 8 1 3 . 4 1 . 0 2 7 . 8 1 6 . 2 1 .2
3 3 . 3 9 . 5 0 0 . 6 9 3 3 . 3 1 3 . 2 1 . 0
4 4 . 3 4.  55 0 . 3 3
55.1 3 . 5 6 0 . 2 6
6 5 . 8 4 . 0 8 0 . 3 0 12 MeV
7 6 . 3 4 . 5 4 0 . 3 3
0 CM
d cr
A (8 6 . 6 3 . 7 9 0 . 2 8 do c
9 6 . 7 3 . 3 2 0 . 2 5
( d e g r e e s ) ( m b / s r ) ( m b / s r )
1 0 6 . 6 3 . 3 8 0 . 2 6 0 . 0 2 6 . 4 3 . 0
1 1 6 . 3 3 . 9 2 0 . 8 0 5 . 6 2 5 . 6 2 . 8
1 2 5 . 8 4 . 3 2 0 . 9 6 1 1 . 2 2 4 . 0 2 . 6
135.1 5 . 0 1 .1 1 6 . 7 2 2 . 5 2 . 5
1 4 4 . 3 6 . 0 1 . 4 2 2 . 3 1 8 . 9 3 . 0
1 53 . 3 5. 5 1 . 4 2 7 . 8 1 6 . 3 2 . 8
 ^  ^  ^ A b s o l u t e e r r o r s  c a n  be  o b t a i n e d by i n c l u d i n g t h e  e r r o r s i n  t a r g e t
t h i c k n e s s ! ( 1 0 . 4 $ ) , beam c o l l e c t i o n  (2%) ,  and e f f i c i e n c y  (11 $>) .
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Because of the assumed shape of the background (section 
III. 3.3) under the neutron spectrum, a 20°j0 error was adopted for the 
background.
Normal counting statistics were assumed for the yield Y, and, 
since the reaction has a large cross section at forward angles, this 
source of error was small.
Relative errors were obtained by combining these contributions 
in quadrature. Absolute errors in the cross section were calculated by 
including the errors in the target thickness, the beam collection, and 
the detector efficiency.
Section III.2.2 describes the method used to obtain the 
thickness (and its error) of the carbon target.
The error in the detector efficiency comprised two parts - the 
solid angle subtended by the detector at the target, and the probability 
of detection of an impinging neutron. The error from the first part 
was minimized by using calipers to accurately measure the geometry of 
the apparatus prior to each experimental run. A travelling microscope 
was used to measure the dimensions of the stilbene crystal before it 
was sealed into the aluminium can. The errors in these dimensions, 
together with the errors in the n-p cross section data of Swartz and 
Owens [Sw 57], enabled the accuracy of the second part of the 
efficiency to be calculated.
The uncertainty in the beam energy was ± 5 keV, and at 8 MeV 
deuteron energy the target had a half thickness of 24 keV, so that the 
total uncertainty in the deuteron interaction energy was ± 25 keV.
The half-angle from the centre of the detector to the target 
was 3° 45', which was much larger than the uncertainty in the angular 
position of the detector (± 0.3°). No displacement of the centre of
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symmetry of the angular distribution was observed when cross sections 
were measured with good statistics at 2.5°, 5.0° and 7.5° on either 
side of the beam direction, indicating that the beam axis and the 
central axis of the detector, when positioned at 0°, were colinear.
The half angle of the detector was taken as representative of the error 
in the angle of emission of the neutrons - in fact, it is an 
overestimate.
III.4 ANALYSIS 
III.4.1 GENERAL
Two approaches were adopted in the analysis of the data. The
first was the method used by Cords et al. [Co 69] in which the deuteron
optical model parameters suggested by Satchler [Sa 66a] were used to
generate the deuteron wave function, and the neutron optical model
parameters were obtained from the general formulae of Wilmore and
Hodgson [Ho 67, Wi 64]. Cords et al., using the O.M. parameters,
accounted for the energy-averaged angular distributions of the
12C(d,P]P2P3)13C and 12C(d,do)12C reactions at two energies, but could 
12 13not fit the C(d,pQ) C reaction successfully. They attributed this 
failure to the existence of the pronounced structure shown in the (d,p ) 
excitation function.
The second approach, following the suggestion of Greenlees et 
al. (section II.2.6), restricted the range of permissible values of the 
O.M. parameters. The method of calculating such parameters is given in 
section III.4.4.
The direct reaction and compound nucleus components of the 
cross section were added incoherently. Direct reaction calculations 
were performed using the program DWUCK^ [Ku 69], and the compound
+ The author would like to thank Dr. P.D. Kunz for making this program 
available.
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n u c l e u s  c a l c u l a t i o n s  were  p e r f o r m e d  u s i n g  t h e  p r o g r am  HAUSER [Da 7 0 ] .  
I n i t i a l  c a l c u l a t i o n s  showed t h a t  f o r  t h e  DWBA and H.F.  c a l c u l a t i o n s  on 
t h e  I .B .M .  3 6 0 / 5 0  c o m p u t e r ,  s i n g l e  word p r e c i s i o n  ( 6 - 7  s i g n i f i c a n t  
f i g u r e s )  was s u f f i c i e n t l y  a c c u r a t e .  In  c o m p a r i n g  t h e  c a l c u l a t e d  c r o s s  
s e c t i o n s  w i t h  t h e  d a t a ,  b o t h  v i s u a l  and x^ m e th o d s  w e r e  u s e d  t o  d e t e c t  
i m p r o v e m e n t s .
As i n  t h e  work o f  C o rd s  e t  a l .  [Co 6 9 ] ,  t h e  t h e o r e t i c a l  c a l ­
c u l a t i o n s  w e r e  f i t t e d  t o  e n e r g y - a v e r a g e d  d a t a  i n  an  a t t e m p t  t o  m i n i m i z e  
any r e s o n a n c e  c o n t r i b u t i o n .  I d e a l l y  s u c h  a v e r a g i n g  s h o u l d  be  p e r f o r m e d  
o v e r  a l a r g e  number  o f  c l o s e l y  s p a c e d  a n g u l a r  d i s t r i b u t i o n s  ( o r  a l t e r ­
n a t i v e l y  o v e r  a l e s s e r  number  o f  a n g u l a r  d i s t r i b u t i o n s  u s i n g  po o r  beam 
r e s o l u t i o n ) ,  b u t  b e c a u s e  o f  t h e  low e f f i c i e n c y  o f  n e u t r o n  d e t e c t o r s ,  
t h e  number o f  a n g u l a r  d i s t r i b u t i o n s  t h a t  c a n  be  m e a s u r e d  p r a c t i c a l l y  i s  
r e s t r i c t e d .  S i n c e  t h e  1 0 . 5  an d  1 2 . 0  MeV a n g u l a r  d i s t r i b u t i o n s  w e r e  
m e a s u r e d  t o  o n l y  3 0 ° ,  t h e y  w e r e  n o t  i n c l u d e d  i n  t h e  a v e r a g i n g .
To t e s t  t h e  r e l i a b i l i t y  o f  t h i s  a v e r a g i n g  p r o c e d u r e ,  t h e  0° 
e x c i t a t i o n  f u n c t i o n ,  when a v e r a g e d  b e t w e e n  7 . 0  and 9 . 0  MeV, gave a 
c r o s s  s e c t i o n  o f  2 0 . 6 8  m b / s r  ( C .M . )  co m pared  w i t h  26.1  m b / s r  (C .M .)  
f r om  t h e  a v e r a g e d  a n g u l a r  d i s t r i b u t i o n s .  S i n c e  t h e  r e s o n a n c e s  a r e  
q u i t e  b r o a d  i t  i s  more  r e a l i s t i c  t o  a v e r a g e  o v e r  a l a r g e r  e n e r g y  r a n g e ;  
when t h e  a v e r a g i n g  was p e r f o r m e d  b e t w e e n  5 . 0  and 1 1 . 0  MeV (E^ = 8 . 0  MeV) 
t h e  0°  c r o s s  s e c t i o n  was 2 3 . 0  m b / s r  ( C . M . ) .  Th us  t h e  m a g n i t u d e  o f  t h e  
a n g u l a r  d i s t r i b u t i o n  u s e d  f o r  f i t t i n g  i s  p r o b a b l y  t o o  l a r g e  by a b o u t  
12$.  No e s t i m a t e  c a n  be g i v e n  o f  t h e  p o s s i b l e  e r r o r  i n  t h e  s h a p e  o f  
t h e  a n g u l a r  d i s t r i b u t i o n .
I I I . 4 . 2  EXCITATION FUNCTION
T h e r e  a r e  i n d i c a t i o n s  t h a t  t h e  p r o n o u n c e d  s t r u c t u r e  i n  t h e  
12 , 1 3
e x c i t a t i o n  f u n c t i o n  o f  t h e  C ( d , n  ) N r e a c t i o n  i s  a s s o c i a t e d  w i t h
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i n d i v i d u a l  s t a t e s  i n  t h e  compound n u c l e u s .  E x c i t a t i o n  f u n c t i o n s  i n  
o t h e r  o u t g o i n g  c h a n n e l s  a l s o  e x h i b i t  s t r u c t u r e  [ e . g .  Co 69,  Co 69a]  
w h i c h  i s  o f t e n  c o r r e l a t e d  a t  d i f f e r e n t  a n g l e s  and i n  d i f f e r e n t  r e a c t i o n s  
a t  t h e  same e x c i t a t i o n  e n e r g y .  The most  s t r i k i n g  ex a m p le  i s  f o u n d  i n  
t h e  e x c i t a t i o n  f u n c t i o n s  f o r  t h e  g r o u n d  s t a t e  p r o t o n  and n e u t r o n  
c h a n n e l s  shown i n  f i g u r e  I I I . 8.
1 4E x c i t a t i o n  f u n c t i o n s  o f  o t h e r  r e a c t i o n s  f o r m i n g  N a l s o  show 
s t r u c t u r e  t h a t  i s  o f t e n  c o r r e l a t e d  b e t w e e n  r e a c t i o n s  [Aj 70,  f i g u r e  6 ] .  
F u r t h e r m o r e  t h e  s m a l l  v a l u e s  o f  F/D ( 1 . 0  t o  4 . 9 )  a t  t h e  e x c i t a t i o n  
e n e r g i e s  o f  i n t e r e s t  ( s e c t i o n  I I I . 4 . 3 ) ,  s u g g e s t s  t h a t  some s h a r p  
r e s o n a n c e s  a r e  l i k e l y  i n  t h e  e x c i t a t i o n  f u n c t i o n .
The s t r o n g e s t  r e s o n a n c e s  i n  t h e  ( d , n  ) c h a n n e l  o c c u r  a t  
tie
-da c t er o n - e n e r g i e s  o f  3 . 9 5 ,  4 . 7 0 ,  5 . 3 5 ,  6 . 4 0 ,  7 . 8 0 ,  1 1 . 5  MeV, w i t h  f u l l
w i d t h  a t  h a l f  maximum r a n g i n g  f rom  100 keV t o  1 . 8  MeV. The r e s o n a n c e
1 2a t  3 . 9 5  MeV i s  c l e a r l y  s e e n  i n  t h e  (^ ( d jp ^ )  r e a c t i o n  [ J e  63] an d  i s
77" +
p r o b a b l y  a s s o c i a t e d  w i t h  e i t h e r  t h e  J  = 1 , T = 1 l e v e l  a t  1 3 . 7 5  MeV
o r  t h e  J77 = ( 2 + , 3 + ) l e v e l  a t  1 3 .6 7  MeV i n  ^ N .  The l e v e l  ( p o s s i b l y  a
1 4d o u b l e t )  a t  1 4 . 8 4  MeV e x c i t a t i o n  e n e r g y  i n  N i s  known t o  be
a s s o c i a t e d  w i t h  t h e  r e s o n a n c e  a t  5 . 3 5  MeV i n c i d e n t  e n e r g y  [Aj 59,
14Da 6 1 ] ,  w h i l s t  known l e v e l s  a t  1 4 . 4  and 1 5 . 7  MeV i n  N [Aj 70]  a r e
p r o b a b l y  r e s p o n s i b l e  f o r  t h e  r e s o n a n c e s  s e e n  a t  4 . 7 0  and 6 . 4 0  MeV
d e u t e r o n  e n e r g y .  The o r i g i n s  o f  b o t h  t h e  7 . 8 0  and  1 1 . 5  MeV r e s o n a n c e s  
12 13
i n  t h e  C ( d , n ^ )  N e x c i t a t i o n  f u n c t i o n  a r e  n o t  so r e a d i l y  i d e n t i f i e d ,
TT +  14a l t h o u g h  t h e  b r o a d  l e v e l  ( J  = 5 ) a t  1 9 . 6  MeV i n  N i s  a t  a p p r o x i m ­
a t e l y  t h e  c o r r e c t  e n e r g y  t o  a c c o u n t  f o r  t h e  l a t t e r  r e s o n a n c e .  The 7 . 8 0
MeV r e s o n a n c e  i n  t h i s  r e a c t i o n  h a s  b e e n  o b s e r v e d  by D a g le y  e t  a l .
13 13
[Da 61] i n  t h e  C ( p , n )  N r e a c t i o n  a t  1 0 . 2  MeV p r o t o n  e n e r g y .
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111.4.3 COMPOUND NUCLEUS MECHANISM
At a deuteron energy of 8 MeV, the maximum excitation energy 
1 4in the compound nucleus, N, is 17.13 MeV. At excitation energy, E, 
the estimated mean level width to spacing ratio is given by
T/D = exp(1.93 - 19.4/Te + 0.868 /I) « 2.3 (III.6)
1 4for N [Co 69a, p.86]. With this small value of T/D it was not clear 
that the H.F. theory was fully applicable, but in the absence of any 
other method of accounting for this compound nucleus structure, it was 
used.
The outgoing channels for protons, deuterons, neutrons and 
a-particles were included in the calculation. Spectroscopic information 
on the possible levels was obtained from the compilation of Ajzenberg- 
Selove [Aj 70], and optical model parameters to calculate the trans­
mission coefficients for the above particles were obtained from 
references [Ho 67, Sa 66a, Ho 67, Ca 64] respectively. The width 
fluctuation correction factor was included in the calculations.
111.4.4 DIRECT INTERACTION MECHANISM 
III.4.4.1 Proton Parameters
One of the uncertainties in the DWBA theory is the accurate 
description of the bound state wave function. Generally the geometrical 
parameters of the potential of Perey and Buck [Pe 62] are used, and the 
depth is obtained from matching the bound state wave function to the 
appropriate asymptotic form. A spin-orbit term was included in the 
present bound state according to the prescription given by Hodgson 
[Ho 67]. Table III.5 lists the bound state parameters used.
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It was assumed that the proton was bound into a (IP-j^) 
orbital only, as there was no provision in the calculation for a more 
realistic (but more complex) wave function.
It is known that the magnitude of the calculated cross section 
is very sensitive to variations in the bound state wave function, and 
so, to determine the extent of the sensitivity, the geometrical para­
meters were changed by ± 10%. The results are shown in table III.4 as 
percentage changes in the 0° differential cross section obtained using 
the Perey-Buck values. These figures thus reflect the reliability to 
be attached to spectroscopic factors extracted in the analysis.
TABLE III.4
Effect of variations in bound state parameters
Parameter
altered
Parameter
value
Peak cross 
section
% increase 
over standard 
value
Standard
values r = 1.25 a = 0.65 ß = o 21 .71 mb/ sr -
Radius
increased 1 0% r = 1.375 26.16
11 + 20. 5
Radius
decreased 1 0% r = 1.125 17.99
f 1 - 17.1
Diffuseness 
increased 1 0% a = .715 24.71
1 1 + 13.8
Diffuseness 
decreased 10% a = .585 16.27
f 1 - 25.1
Nonlocality
introduced ß = 0.85 24.92
I f + 14.8
Also shown in this table is the effect of including the non­
locality correction of Perey and Buck (section II.2.7) in the bound 
state calculation. Unlike reference [Da 72], the bound state non­
locality was not included in the subsequent calculations. The 
inclusion of the nonlocality would not alter the quality of the fit to
55
the experimental data, but would decrease spectroscopic factors by 
~ 14$.
With the sensitivity of these parameters in mind, the proton 
parameter set PI in table III.5 was used for the remainder of the 
analysis.
TABLE III.5
Optical model parameter sets used in analysis
V
(MeV)
rV
( f m )
a v
(fm)
W
(MeV)
r w
(fm)
aw ^
( fm)
r c  
( fm)
J
(MeV 
fm^ )
<r2 >v
(fra2)
Proton
PI (-39.67)1' 1 .25 0.65 - - 25.0 1 .25 556 10.75
x, 2)Neutron
N1 -44.94 1 . 31 2 0.66 36.38 1 .261 0.48 - 617 11.73
N2 -50.2 0.90 0.873 36.38 1 .261 0.48 - 411 13.22
N3 -48.6 1 .20 0.475 36.38 1 .261 0.48 - 450 7.89
2)Deuteron
Dl -125.0 0.91 0.90 26.2 2.10 0.49 1 .30 576 13.79
D2 -126.3 0. 90 0.751 26.2 2.10 0.49 1 .30 468 1 0.34
D3 -132.3 0.90 0.748 30.92 1 .665 0.569 1 .30 465 1 0.28
D4 -132.0 0.90 0.90 30.92 1 .665 0.569 1 .30 581 13.74
1)
2)
Proton well depth obtained by matching procedure.
The nonlocality term was not included in the potentials as it was 
found to have little influence on the angular distributions. Any 
slight shape change could have been equally introduced by changing 
the absorptive potential, W.
III.4.4.2 Deuteron Parameters
12 12Satchler [Sa 66a] has collated and analysed C(d,d ) C 
elastic scattering data from various authors. At a number of energies
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up t o  3 4 . 2  MeV äb e s t  f i t  p a r a m e t e r  s e t s  w e r e  o b t a i n e d  by v a r y i n g  V, W, 
r ^  and  a ^ ,  an d  s e a r c h i n g  f o r  a X2 minimum. From p r e l i m i n a r y  c a l c u l a ­
t i o n s  b o t h  r ^  and a ^  w e r e  h e l d  c o n s t a n t  a t  0 . 9 0  fm. P a r a m e t e r  s e t  D4 
i n  t a b l e  I I I . 5 l i s t s  t h e  v a l u e s  o b t a i n e d  a t  8 MeV.
Of t h e  ' b e s t  f i t '  p a r a m e t e r  s e t s ,  t h e  8 MeV v a l u e s  f i t t e d  t h e
d a t a  l e a s t  s a t i s f a c t o r i l y .  A l s o  t h e  maximum v a l u e  o f  t h e  r e a l  w e l l
d e p t h ,  V, o c c u r r e d  n e a r  8 MeV - p r o b a b l y  a s  a  r e s u l t  o f  a t t e m p t i n g  t o
f i t  t h e  r e s o n a n c e  i n  t h e  n e u t r o n  t o t a l  c r o s s  s e c t i o n  a t  t h i s  e n e r g y
[Oh 6 3 ] .  For  t h e s e  r e a s o n s ,  and b e c a u s e  f i x e d  v a l u e s  o f  r ^  and a ^  had
b e e n  u s e d  by S a t c h l e r ,  a l o c a l i z e d  s e a r c h  was p e r f o r m e d  a r o u n d  t h i s
p a r a m e t e r  s e t ,  D4, i n  t h e  p r e s e n t  a n a l y s i s .  Each p a r a m e t e r  was v a r i e d
by ± 1 Qfjo an d ,  o n c e  t h e i r  r e l a t i v e  i m p o r t a n c e  had  b e e n  r e c o g n i z e d ,
c r i t i c a l  p a r a m e t e r s  w e r e  v a r i e d  i n  p a i r s .  V a l u e s  o f  p a r a m e t e r s  g i v i n g
t h e  c l o s e s t  f i t  t o  t h e  ( d , n )  d a t a  a r e  s i m i l a r  t o  t h o s e  u s e d  by C o rd s  e t
12 13a l .  f o r  t h e  C ( d , p )  C r e a c t i o n ,  and  a r e  l i s t e d  a s  s e t  D1 i n  t a b l e  
I I I . 5 ,  t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  vo lum e i n t e g r a l ,  J ^ ,  and mean 
s q u a r e  p o t e n t i a l  r a d i u s .  The t e r m  ' v o l u m e  i n t e g r a l ' ,  a s  u s e d  i n  t h i s  
t h e s i s ,  i s  u n d e r s t o o d  t o  be  p e r  n u c l e o n - n u c l e o n  i n t e r a c t i o n ,  a s  d e f i n e d  
( f o r  d e u t e r o n  p o t e n t i a l s )  by
Jd - ji fv dv (III-7)
The f i t  t o  t h e  d a t a  o b t a i n e d  w i t h  t h i s  d e u t e r o n  p a r a m e t e r  s e t ,  
D1 , and n e u t r o n  p a r a m e t e r  s e t  N1 ( t o  be d e s c r i b e d  i n  t h e  n e x t  s e c t i o n )  
i s  shown i n  f i g u r e  I I I . 10,  n o r m a l i z e d  t o  t h e  d a t a  a t  t h e  f o r w a r d  p ea k .
A r e d u c t i o n  f a c t o r  o f  0 . 7 ,  d e t e r m i n e d  f r o m  f i t t i n g  and r e f e r e n c e  
[Co 6 9 ] ,  was a p p l i e d  t o  t h e  H.F.  com ponen t  o f  t h e  c r o s s  s e c t i o n .
A f t e r  u s i n g  a d e u t e r o n  f i n i t e  r a n g e  c o r r e c t i o n  f a c t o r  o f  1 . 6 5
and t h e  s p e c t r o s c o p i c  f a c t o r  o f  0 .61 [Co 6 7 ] ,  t h e  p r e d i c t e d  c r o s s
s e c t i o n  was fo u n d  t o  be  1 . 5 8  t i m e s  t o o  s m a l l  a t  t h e  E,  = 8 MeV f o r w a r dd
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Figure III.10. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distribution (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D1 
and N1 (table III.5).
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Figure III.11. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distribution (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D2 
and N1 (table III.5).
8 MeV
10 20 30 4 0 50 60 70 80 90 100 110 120 130 140 150
DEGREES (CM.)
Figure III.12. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distribution (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D3 
and N1 (table III.5).
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Figure III.13. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distribution (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D1 
and N2 (table III.5).
DEGREES (CM.)
Figure III.14. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distribution (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D1 
and N3 (table III.5).
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D E G R E E S  (C.M.)
Figure III.15. This figure shows the fit (3) obtained to the 8 MeV 
energy-averaged experimental angular distributions (heavy line) 
using a mixture of Hauser-Feshbach (2), with a reduction factor 
R = 0.70, and DWBA (1) cross sections using O.M. parameter sets D3 
and N3 (table III.5).
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peak. This is similar to the results of Cords et al. for the 
— 12 13E =7.5 MeV angular distribution in the C(d,p ) C reaction. Also d o
Schiffer et al. [Sc 67] found that at 12 MeV the spectroscopic factors
for 17 levels in a number of nuclei in the (Ip) shell were in good
agreement with the theoretical estimates, with the exception of 
12 13C(d,p ) C which was 1.89 times too large at the forward peak, o
Gangadharan and Wolke [Ga 69] showed that this discrepancy persisted 
12 13 12 13for both the C(d,p ) C and C(d,n ) N reactions up to a bombardingo o
energy of about 17 MeV.
As can be seen in figure III.10 the experimental differential 
o ocross section peaks at ~ 1 0 compared with 15 predicted for an & = 1 
transition, and has a broader forward peak and a larger cross section 
at backward angles than the theoretical result. These differences, 
together with the underestimate of the magnitude of the cross section, 
indicate that other processes (such as individual resonances) also con­
tribute to the reaction mechanism, but we have no reliable method of 
estimating this contribution.
In an attempt to improve the fit, the nucleon-nucleon poten­
tial was folded into the nuclear matter distribution to define the real 
central well of the deuteron potential. Initially the calculation and 
fitting were performed prior to the publication of the work of Simbel 
and Abul-Magd [Si 71 ] and there are some differences to the formulae 
used by them. In calculating the value of (r2 )^ , the deuteron was
treated as a point particle (i.e. (r2 ) was neglected) and the valuepn
of (r2) was obtained in an indirect way. m
Values of (r2) obtained by Greenlees et al. [Gr 68] for m
heavier targets were extrapolated to A = 12, to give (r2) = 7.78 ± 1.1m
1 2fm2. Because of its low mass it is not obvious that (r2) for C is' m
_i
proportional to A3, although a similar procedure with the mean square
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charge radius (r2 ) ^ lent confidence to this approach. Acker et
al. [Ac 66] list ^r ')c^arge from h-mesonic spectra for elements from Cl
_i
to Bi. Extrapolating the plot of these values vs. Z3 down to Z = 6
gave a value of (r^)c|iarge = 2.36 ± 0.04 fm2 , close to the measured
value of (r2>fl"arge = 2.39 ± 0.03 fm2 [Af 66, Be 69, Vi 69, En 67] from
electron elastic scattering experiments. The charge distribution in
the nucleus was assumed to be related to the proton distribution, (r2 ) ,P
by
(r2 ) <r2 )charge 0.6 frrh (III.8)
where the last term is the mean square proton charge radius.
The assumptions inherent in the above process were not con­
sidered too large as (a) the O.M. potentials were modified anyway in a 
DWBA calculation and (b) it was not clear that the folding procedure 
as proposed by Greenlees et al. applied to such light nuclei.
The volume integral of the real, central potential was chosen 
3to be 445 MeV fm per nucleon-nucleon interaction. Assuming a Yukawa 
form of nucleon-nucleon interaction, with mean square radius 
(r2 )^ = 2.25 fm2 [Gr 68], we obtained, using equation (11.46)
(r2 )v = 10.34 ± 2.1 fm2 .
With these two restrictions on the real, central potential, a series of 
deuteron parameter sets (listed in table 111.6(a)) were obtained.
The three parameters defining the real, central well were 
varied by 5°]o and 1 0fJo on either side of the basis values, but the absorp­
tive well, which was previously found to have less effect on the cross 
section, was not changed. The resulting angular distributions were 
inspected visually to detect improvements in the fit to the experimental
values.
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Deuteron
TABLE
optical model parameters
III. 6
calculated from folding procedure
(a) (b)
Jd =445 MeV fm3 Jd 465 MeV fm3
<r2!)v = 10.34 fm2 <r2>V = 10.29 fm2
V (MeV) r^ (fm) av (fm) V (MeV) r (fm) V ay (fm)
-150.91 0.80 0.775 -157.0 0.80 0. 774
-137.86 0.85 0.764 -132.3 0.90 0. 748
-126.31 0.90 0.751 -121.9 0.95 0.734
-116.04 0.95 0.740 -112.5 1 . 00 0. 718
-106.84 1.00 0.724 -104.1 1.05 0. 702
-92.11 1.10 0.690 -96.5 1.10 0.685
-89.5 1.15 0.666
One such parameter set is listed as set D2 in table III.5. 
The overall fit to the experimental data (figure III.11) is worse than 
that using deuteron parameter set D1.
After the publication of Simbel and Abul-Magd's work, a new 
series of calculations were performed incorporating their value,
(r2 = 3.1 ± 0.7 fmpn'
Jenfor the root mean square proton-neutron separation in the ekt-ct-cron. 
This time the value
(r2) = 5.38 ± 0.46 fm2 , (III.9)m
determined by Wilkinson and Mafethe [Wi 66] for the (lp) shell, was 
used. Thus, we obtained
(r2>v = 10.29 ± 1.95 fm2 .
This condition, together with the volume integral value J 465 MeV fm3
60
a s  o b t a i n e d  from t h e  d e u t e r o n  e l a s t i c  s c a t t e r i n g  d a t a  o f  H i n t e r b e r g e r
1 2e t  a l .  [Hi 68] f o r  C, was used  t o  g e n e r a t e  a new s e r i e s  o f  p o t e n t i a l  
p a r a m e t e r s  l i s t e d  i n  t a b l e  1 1 1 . 6 ( b ) .  A l though  t h e r e  i s  l i t t l e  d i f ­
f e r e n c e  i n  t h e  two s e r i e s  o f  p a ra m e t e r  s e t s ,  t h e  r e v i s e d  s e r i e s  gave 
b e t t e r  f i t s  t o  t h e  d a t a .  F i g u r e  I I I . 12 shows t h e  f i t  o b t a i n e d  u s in g  
t h e  p a ra m e t e r  s e t  l i s t e d  as  D3 i n  t a b l e  I I I . 5.
The s p e c t r o s c o p i c  f a c t o r s  e x t r a c t e d  by m a tc h ing  t h e  peaks  o f  
t h e  e x p e r i m e n t a l  and t h e o r e t i c a l  c r o s s  s e c t i o n s ,  a r e  0 .638  and 0.506  
f o r  p a ra m e t e r  s e t s  D2 and D3 r e s p e c t i v e l y .  As b e f o r e ,  t h e  n e u t r o n  
O.M. p a r a m e t e r s  ( s e t  NT, t a b l e  I I I . 5) were  t a k e n  from Hodgson [Ho 67] .  
A l though  t h e s e  v a l u e s  a r e  c l o s e r  t o  t h e  p r e d i c t e d  v a l u e  o f  0.61 t h a n  
t h a t  o b t a i n e d  w i t h  s e t s  D1 + N1, no g r e a t  s i g n i f i c a n c e  can  be a t t a c h e d  
t o  t h e  r e s u l t  f o r  two r e a s o n s .  F i r s t l y ,  t h e  same s p e c t r o s c o p i c  f a c t o r  
can  be o b t a i n e d  u s i n g  p a ra m e t e r  s e t  D1 w i t h  o n l y  a s m a l l  a d j u s t m e n t  t o  
t h e  bound s t a t e  ge om e t ry .  Secondly  i t  ha s  been  d e m o n s t r a t e d  t h a t  
p r o c e s s e s  no t  p r o p e r l y  a c c o u n te d  f o r  do c o n t r i b u t e  t o  t h e  c r o s s  s e c t i o n ,  
and so one would e x p e c t  t h e  e x t r a c t e d  s p e c t r o s c o p i c  f a c t o r s  t o  be some­
what d i f f e r e n t  from t h e  v a l u e  c a l c u l a t e d  u s i n g  t h e  s h e l l  model [Co 67 ] .
I I I . 4 . 4 . 3  N eu t ron  P a r a m e te r s
1 3Both b e c a u s e  N i s  u n s t a b l e  and b e c a u s e ,  i n  g e n e r a l ,  n e u t r o n
e l a s t i c  s c a t t e r i n g  h a s  been l i t t l e  s t u d i e d  a t  low e n e r g i e s ,  e x p e r i m e n t a l
12 13O.M. p a r a m e t e r s  f o r  t h e  n e u t r o n s  i n  t h e  C ( d ,n  ) N r e a c t i o n  were no to
a v a i l a b l e .  The n e u t r o n  p a r a m e t e r s  i n i t i a l l y  used i n  t h e  a n a l y s i s  were 
o b t a i n e d  from g e n e r a l  fo rm u la e  g i v e n  by Hodgson [Ho 67 ] ,  and l i s t e d  as  
s e t  N1 i n  t a b l e  I I I . 5. A c c o r d in g l y ,  i t  i s  p o s s i b l e  t h a t  an improvement 
i n  t h e  f i t  t o  t h e  e x p e r i m e n t a l  d a t a  m igh t  be o b t a i n e d  by r e s p e c i f y i n g  
t h e  n e u t r o n  p a r a m e t e r s .  The a pp roa c h  o f  G r e e n l e e s  e t  a l .  [Gr 68] was
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again adopted. As in the deuteron case, two series of calculations 
were performed.
In the first case, the mean square potential radius, (r2 )^  
was calculated as described in the previous section for the deuteron 
potential, and the volume integral was set at
J = 410 MeV fm3 . (III.10)
The series of potentials obeying these criteria are listed in table 
111.7(a) and one set is given as N2 in table III.5. This potential set, 
when used with the deuteron potential set D1, gave a fit (figure III.13) 
which does not reproduce the experimental cross section as well as the 
generalized parameters of Hodgson with deuteron set D1 (figure III.10), 
although the deduced spectroscopic factor of 0.583 is closer to the 
theoretical value.
TABLE III.7
Neutron optical model parameters calculated from a folding procedure
(a) (b)
JN = 41 0 MeV fm3 JN = 450 MeV fm3
<r2 >v = 13-20 fm2 (r2) = 7.89 fm2
V (MeV) rv (fm) av (fm) V (MeV) rv a v
-59.0 0.80 0.896 -96.9 0.80 0.646
-54.3 0.85 0.884 -80. 5 0.90 0.614
-50.19 0.90 0.873 -67.5 1.00 0.575
-46.41 0.95 0.865 -57.1 1.10 0.530
-43.01 1 .00 0.845 -48.6 1.20 0.475
-39.94 1 .05 0. 831 -41 .6 1.30 0.407
-37.15 1.10 0.81 5 -35.8 1.40 0.317
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The neutron as well as the deuteron parameters were recal­
culated after the publication of reference [Si 71]. For the neutron 
O.M. potential the mean square matter radius of Wilkinson (equation 
(III.9)) was used, to give
(r2) = 7.89 ± 0.86 fm2 ,
and the volume integral was chosen as
3J_T = 450 MeV fm N
This somewhat larger value of than that given in equation (III. 10)
was used since a number of publications [Gr 70, Gr 70a, Hn 71, Gr 71,
Ma 72] have shown that increases with decreasing energy and also
exhibits a nonlinear dependence on A at low energies. For deuteron
1 2elastic scattering from C at 52 MeV [Hi 68] we have
3J = 465 MeV fmN
Table 111.7(b) lists the parameter sets obtained in this way, 
and it can be seen that they are quite different to those given in part 
(a) of this table.
Figure III.14 shows the improvement in the fit to the data 
when one of these parameter sets (set N3, table III.5) was used with 
deuteron parameter set D1 . As was found with the similarly derived 
parameter set (D3), the peaks in the predicted and experimental angular 
distributions are more nearly in the same positions. The computed 
spectroscopic factor of 0.537 is close to, but about. 1 0^ , less than, the 
calculated value.
Finally both the neutron and the deuteron parameter sets 
derived according to the method of Greenlees et al. (sets N3 and D3,
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table III.5) were used to obtain the fit to the experimental data, 
shown in figure III.15. As was found when each parameter set was used 
individually, the predicted angular distribution thus obtained gives a 
better fit to the data than that obtained using parameter sets D1 and 
N1. Again the derived spectroscopic factor of 0.489 is less than the 
calculated value.
III.5 CONCLUSIONS
This work presents the first systematic study of the
12 13C(d,n ) N reaction between 5 and 12 MeV deuteron energy. The o
absolute cross sections agree well with those previously obtained below
5 MeV, and the excitation function contains considerable structure, as
1 2has been found for most other C + d reactions at these energies. In
particular, the shape of the excitation function at 0° is very similar
12 13to that of the 'mirror reaction' C(d,p ) C at 30°, indicating thato
this structure involves resonances in the compound nucleus.
As was found in previous C + d reactions in this energy 
range, neither the shape nor the magnitude of the energy-averaged 
angular distribution could be properly accounted for using combined 
Hauser-Feshbach and DWBA contributions. Although the shape is 
influenced by the omitted resonance processes, it is probable that the 
peak positions are determined by the direct reaction process. Using 
this criterion, deuteron and neutron O.M. parameters based on the fold­
ing procedure of Greenlees et al. accounted for the data more reasonably 
than parameter sets employed in previous analyses. This result is sur­
prising since the folding procedure was not formulated for light
1 2elements. However analyses of deuteron elastic scattering down to C 
by Hinterberger [Hi 68] and by Newman et al. [Ne 67] show that there is 
a smooth variation in the volume integral of the real central potential,
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indicating that the folding procedure might be extendable to light 
elements.
No great reliability can be placed on spectroscopic factors
extracted from the analysis (summarized in table III.8), since firstly
the magnitude of the DWBA cross section is sensitive to ill-determined
parameters such as the bound state geometry, and secondly the resonance
process contribution to the experimental cross section is undetermined.
However spectroscopic factors close to, but smaller than, the predicted
value were obtained when the O.M. parameter sets obeying the criteria
of Greenlees et al. were used. Also given in table III.8 is the
similar spectroscopic factor of 0.74 obtained by Mutchler et al. [Mu 71] 
12 13for the C(d,nQ) N reaction at 11.8 MeV deuteron energy, although no 
attempt was made to account for C.N. processes.
TABLE III.8
Spectroscopic coefficients obtained using various parameter sets
J = 0.61 [Co 67] J  = 0. o. 1974 ± [Mu 71]
Parameter Sets 
(Table III.5)
Spectroscopic Factors Diagram
D1 + N1 0.963 III.10
D2 + N1 0.638 III.11
D3 + N1 0.506 III.12
D4 + N1 0. 581
Dl + N2 0.583 III.13
Dl + N3 0.537 III.14
D3 + N3 0.489 III.15
Both the C.N. and direct reaction theories employed in this 
analysis were not completely satisfactory. Although it is difficult to 
account for the former processes more realistically, a more suitable
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description of the direct reaction theory could be used. A WBP model 
as used by Pearson et. al. [Pe 69], or the approach of Johnson and Soper 
[Jo 70], might predict angular distributions that provide good fits to 
the data.
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CHAPTER IV
THE 11ß(3He,n )13N, 26Mg(3He,n )28Si, 29Si(3He,n )31 S, -------- --- Q -----—------- o , I --------------  O ---
30 3 32AND Si( He,n^) S REACTIONS
IV,1 REVIEW OF EARLIER WORK
Five double-stripping reactions are described in this chapter
11D/3U J3„ 26^ / 3 u  ^ 8 c. 26 ,3 .28. 29c. ,3U ,31 _B( He,nQ) N, Mg( He,nQ) Si, Mg( He,n ) Si*, Si( He,nQ) S,
30 3 32and Si( He,n ) S. All proceed to final nuclei chosen to have their o
lower levels sufficiently separated to allow a simple stilbene detector
to resolve the neutron groups from the ground and first excited states.
Of the first excited state neutron groups, only that from the 
26 3 28Mg( He,n) Si reaction had a yield large enough for cross sections to 
be extracted from the data.
Little work has been reported on these reactions. The 
1 1 3  13 1 1 3  13B( He,n) N and B( He,p) C reactions have been used to locate
isobaric analogue states at higher excitation than studied in the
present work [Ad 69, Ad 70, Co 68]. Din and Weil [Di 66] investigated 
1 1 3  13the B( He,n ) N reaction from 2 to 5.3 MeV, and analysed the seven o
angular distributions obtained with the plane wave double-stripping
theory of Newns. Honsaker et al. [Ho 69] obtained angular distributions
at 4.7, 6.1 and 6.49 MeV which were analysed with a mixture of DWBA and
H.F. amplitudes. In two other investigations of this reaction [Br 64,
Br 65a] cross sections could not be obtained due to the low neutron
1 1 3  13yield. The 'mirror reaction' B( He,p) C has been investigated by 
Holmgren et al. [Ho 59] from 4.5 to 5.4 MeV and by Marsh and Bilaniuk 
[Ma 63] from 8 to 1 1 MeV. Both studies measured excitation functions 
and angular distributions which were analysed with plane wave direct
reaction theories.
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26 3 2 8Bohne et al. [Bo 69] used the Mg( He,n) Si reaction to
2 8detect T = 2 levels in Si at a bombarding energy of 5.7 MeV. The
angular distribution obtained was analysed using a single stripping DWBA
26 3 28technique. The Mg( He,p) Al reaction has been similarly used by
2 8Clark et al. [Cl 70] to investigate the T = 2 state at 5.989 MeV in Al.
There have been no reported studies of either the
29 3 31 30 3 32Si( He,n) S or the Si( He,n) S reactions, although the
29 3 31Si( He, p) P reaction has been used by Moss [Mo 70] to obtain spins
31and parities of a large number of levels in P.
In the analysis of the present work the angular distributions 
were accounted for using a double-stripping DWBA (and where necessary a 
Hauser-Feshbach) method. Of the above references only Honsaker et al. 
have used this procedure.
IV.2 EXPERIMENTAL PROCEDURE
IV.2.1 BEAM
Neutral He beams (0.5 MeV) from a J-type Van de Graaff
accelerator were injected into the ANU Tandem accelerator to provide 
3 I IHe beams of energies between 5 and 12 MeV. With the exception of
larger diameter collimators (3 mm), the beam transport system used was
identical to that described in section III.2.1. An ORTEC 439 current
digitizer replaced the Elcor current integrator for measuring the
26 3 28charge deposited on the target during the Mg( He,n) Si studies.
IV.2.2 TARGETS
The target chambers described in section III.2.2 were used 
for the present experiments. All of the targets used were thin layers 
of the appropriate target material deposited on circular tungsten discs
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which had been cleaned as described in section III.2.2.
The boron target was made by bombarding a pellet of compressed,
99% isotopically pure powder with electrons from a 'Varian' e-gun.
o - 5At a temperature of 2500 C and a pressure of 2 X 10 torr the boron 
evaporated and was collected on a tungsten disc suspended 7 cm above 
the pellet.
2 6A paste of MgO powder (99.7% Mg isotope) and distilled
water was painted onto the inside of a tantalum boat and heated with an
RF heater to 700 °C for five minutes to reduce the oxide to magnesium.
oWhen the temperature was further raised to 2000 C, the magnesium
2 6evaporated onto a tungsten disc to form the Mg target.
29 29 30 30Both the SiO (92% Si isotope) and the SiO (95% Si
isotope) targets were obtained by mixing silicon dioxide with 20% (by
weight) of carbon powder in a tantalum crucible and heating the mixture
over a period of 5-7 minutes with an RF heater. This procedure reduced
the silicon dioxide to silicon monoxide which was deposited onto the
tungsten backing when the temperature of the crucible reached 2000 °C.
11 26Self-supporting B foil targets and carbon-backed Mg,
29 30SiO and SiO foil targets were also prepared. To produce each of 
the latter targets a thin (~ 10 pg/cm2) carbon layer was deposited from 
a carbon arc onto a clean glass slide, which was then placed above the 
appropriate target material. After the target material was evaporated 
onto the carbon substrate, the glass slide was slowly immersed in dis­
tilled water and the carbon-backed foil target floated off. The thick­
nesses of the foil targets were obtained using the Rutherford scatter­
ing technique described in section III.2.2. For such light elements, 
compound nucleus resonance effects, as well as Rutherford scattering, may 
contribute to the elastic scattering cross section at low energies.
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Few elastic scattering excitation functions spanning E = 1 MeV have 
been given in the literature to enable this latter possibility to be 
checked.
The ratios of neutron yields from the foil targets to neutron
yields from the tungsten-backed targets, when each was bombarded with 
3 I I8 MeV He ions, allowed the thicknesses of the latter targets to be 
deduced (table IV.1).
TABLE IV.1
Target thicknesses (p.g/cm2)
Target Foil Tungsten-Backed
" b 43.8 ± 13.1 175 ± 52
26Mg 28.8 ± 3.4 435 ± 70
29Si 2.92 ± 0.64 32.6 ± 9.8
30Si 47.1 ± 6.1 63.2 ± 12.6
In the 152° ^B(p,p)^B excitation function given by
Tautfest and Rubin [Ta 56], resonances are visible at 0.675 MeV (330
keV wide) and 1.4 MeV (1.27 MeV wide). Hence the foil target thickness
measurement was performed at 50°, 60°, and 70° with 1.2 MeV incident
protons, although there was probably some interference between the 1.4
MeV resonance and the Rutherford scattering amplitude. A 30% error was
assigned to the ^ B  foil and tungsten-backed targets. To check the
3thickness measurement, the ( He,nQ) cross sections from the tungsten- 
backed target and from a Harwell supplied, tantalum-backed ^ B  target*
+ This target was also used by Din and Weil [Di 66] to check their 
target thicknesses. Hence any errors in the Harwell target thick­
ness measurement will not be visible in the comparison of the results 
of Din and Weil with those from the present work (figure IV.1).
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o f  known t h i c k n e s s  were compared and found t o  be c o n s i s t e n t  t o  w i t h i n  
t h e  t a r g e t  t h i c k n e s s  e r r o r s .
In  t h e  90° e x c i t a t i o n  f u n c t i o n  f o r  t h e  ^ M g ( p ,  p ) ^ M g  r e a c t i o n  
[Wa 67] a weak r e s o n a n c e  i s  v i s i b l e  a t  1 MeV - t h e  p r o t o n  en e rg y  used 
i n  t h e  f o i l  t h i c k n e s s  m easurem ent .  At t h e  a n g l e s  used i n  t h e  t h i c k n e s s  
d e t e r m i n a t i o n  ( 8 0 ° ,  90° and 1 0 0 ° ) ,  R u t h e r f o r d  s c a t t e r i n g  was p r o b a b l y  
t h e  major  mechanism s i n c e  t h e  t h r e e  v a l u e s  o f  f o i l  t h i c k n e s s  were c o n ­
s i s t e n t  ( 2 9 .3 6  ± 3 .4 6 ,  23 .69  ± 3 . 0 4 ,  29 .03  ± 3 .3 8  pg/cm2 r e s p e c t i v e l y ) .
No measurement  o f  p r o t o n  e l a s t i c  s c a t t e r i n g  a t  1 MeV has been  r e p o r t e d
29 of o r  “ S i .  V a l ' t e r  e t  a l .  [Va 63] showed t h a t ,  even a t  141 , t h e
30 30
S i ( p , p )  Si  e x c i t a t i o n  f u n c t i o n  from 1 .0  t o  1 .7 0  MeV was w e l l  d e s ­
c r i b e d  by t h e  R u t h e r f o r d  s c a t t e r i n g  c r o s s  s e c t  i o n , a l t h o u g h  t h e r e  was a 
weak r e s o n a n c e  a t  1 .03  MeV bombarding  e n e rg y .  In  t h e  p r e s e n t  work t h e  
e l a s t i c  s c a t t e r i n g  m easurem ents  were c a r r i e d  o u t  a t  t h r e e  a n g l e s  f o r ­
ward o f  110° w i t h  1 MeV p r o t o n s  f o r  bo th  t h e  ^ S i O  and ^^SiO t a r g e t s ,  
l e a d i n g  t o  c o n s i s t e n t  r e s u l t s  f o r  t h e  t a r g e t  t h i c k n e s s e s .  Hence i t  was 
i n f e r r e d  t h a t  R u t h e r f o r d  s c a t t e r i n g  was t h e  dominant  p r o c e s s  i n  t h e  
m e a s u r e m e n t s .
I n  g e n e r a l  R u t h e r f o r d  s c a t t e r i n g  i s  no t  a t o t a l l y  s a t i s f a c ­
t o r y  t e c h n i q u e  f o r  t h i c k n e s s  m easurements  o f  f o i l  t a r g e t s  o f  l i g h t  
e l e m e n t s ,  a l t h o u g h  t h e  r e s u l t s  o b t a i n e d  h e r e  f o r  a g i v e n  t a r g e t  a t  d i f ­
f e r e n t  a n g l e s  a p p e a r  t o  be c o n s i s t e n t .  F u r t h e r ,  i n  s p i t e  o f  t h e  l a r g e
d i f f e r e n c e s  i n  t a r g e t  t h i c k n e s s e s ,  t h e  v a l u e s  o f  t h e  n o r m a l i z a t i o n  con-
26 3 28s t a n t  ( d i s c u s s e d  i n  s e c t i o n  I V . 4 . 6 )  o b t a i n e d  from t h e  Mg( He ,no ) S i ,
2 9 3  31 3 0 3  32
S i (  He,n ) S and S i (  He,n ) S r e a c t i o n s  a r e  q u i t e  s i m i l a r .  A o o
more a c c u r a t e  d e t e r m i n a t i o n  o f  t a r g e t  t h i c k n e s s  cou ld  p r o b a b l y  be 
o b t a i n e d  by m ea s u r in g  t h e  w i d t h  o f  a narrow r e s o n a n c e  o f  known n a t u r a l
w i d t h .
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I V . 2 . 3  DETECTOR AND ELECTRONICS
The n e u t r o n  d e t e c t i o n  and i d e n t i f i c a t i o n  s y s t e m  u s ed  was d e s ­
c r i b e d  i n  s e c t i o n  I I I . 2 . 3 .  To e l i m i n a t e  a n a l y s i s  o f  low e n e r g y  p u l s e s ,  
a l o w e r  l e v e l  d i s c r i m i n a t o r  was s e t  a t  a n e u t r o n  e n e r g y  o f  3 . 3  MeV
( e q u i v a l e n t  t o  t h e  p u l s e  h e i g h t  o f  t h e  C o m p to n - ed g e  o f  t h e  1 .2 7  MeV
22y - r a y  f rom t h e  d e c a y  o f  N e ) . D a ta  w e r e  c o l l e c t e d  i n  1024 c h a n n e l s  
26 3 28
f o r  t h e  Mg( H e ,n )  Si r e a c t i o n ,  b u t  i n  512 c h a n n e l s  f o r  t h e  o t h e r  
r e a c t i o n s .
I V . 3 DATA REDUCTION 
I V . 3.1  GENERAL
A b s o l u t e  c r o s s  s e c t i o n s  w e r e  o b t a i n e d  f rom  t h e  raw d a t a  i n
26 3
t h e  manner  d e s c r i b e d  i n  s e c t i o n  I I I . 3 .  Only  i n  t h e  Mg +  He r e a c t i o n  
c o u l d  n e u t r o n s  f rom t h e  f i r s t  e x c i t e d  s t a t e  be  o b s e r v e d ;  f o r  t h e  o t h e r  
r e a c t i o n s ,  c r o s s  s e c t i o n s  w e r e  o b t a i n e d  f o r  t h e  g r o u n d  s t a t e  n e u t r o n  
g r o u p s  o n l y .
T a b l e  I V . 2 l i s t s  t h e  e n e r g y  bel ow  t h e  n e u t r o n  g r o u p  b e i n g
s t u d i e d ,  a t  w h i c h  t h e  b i a s  was s e t  ( i n  t h e  a n a l y s i s )  t o  e l i m i n a t e
n e u t r o n s  t h a t  l e f t  t h e  f i n a l  n u c l e u s  i n  s t a t e s  o f  h i g h e r  e x c i t a t i o n .
12 13
As f o r  t h e  C ( d , n Q) N r e a c t i o n ,  t h e  p l a t e a u  l e n g t h  o f  1 . 5  MeV i n  t h e
1 1 3 1 3  1 1 3 1 2B( H e jn ^ )  N r e a c t i o n  a v o i d e d  n e u t r o n s  f rom t h e  B( H e ,p n )  C r e a c -
3
t i o n .  For  t h e  o t h e r  r e a c t i o n s  t h e  ( H e ,p n )  t h r e s h o l d  o c c u r s  a t
e n e r g i e s  w e l l  ab o v e  t h e  b o m b a r d i n g  e n e r g i e s  u s e d .  B e c a u s e  o f  t h e
p o s i t i v e  Q - v a l u e s  o f  t h e  d o u b l e - s t r i p p i n g  r e a c t i o n s  ( t a b l e  I V . 2)  and
3
t h e  h i g h e r  b i n d i n g  e n e r g y  o f  t h e  He p a r t i c l e  a s  co m pared  t o  t h e
d e u t e r o n ,  l e s s  b a c k g r o u n d  was e v i d e n t  i n  t h e  p r e s e n t  n e u t r o n  s p e c t r a
12 13t h a n  was t h e  c a s e  f o r  t h e  C ( d , n  ) N s p e c t r a .  When b a c k g r o u n d  was
a p p a r e n t ,  i t  was a c c o u n t e d  f o r  a s  d e s c r i b e d  i n  s e c t i o n  I I I . 3 . 3 .  To
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extract the neutron yield for the  ^ Mg( He,n^) Si* reaction, the 
ground state neutron group was treated as a flat background.
TABLE IV.2
Q-values and bias energies used in the analyses
Reaction Q-value (MeV) V eb (MeV)
11D /3 s13B( He,n ) N 10.182 1.5o
26 3 -.28 .Mg( He,n^) Si 12.135 1 .2
26 ,3„ n28c>.Mg( He,n^) Si* 10.356 2.2
29„..3„ ,31Si( He,n ) S o 3.965 1 .0
30 . 3 s 32Si( He,n ) S o 8.430 1.8
Both the calibration of the neutron spectra and the 
efficiency of the stilbene crystal were obtained as described in 
sections III.3.2 and III.3.4 respectively.
Although the positive Q-values of these reactions had the 
advantage of reducing the background, they allowed an appreciable 
fraction of the recoil protons in the stilbene crystal to be energetic 
enough to escape from the end of the detector. This effect was 
accounted for using formula (A.6) given in appendix A.
IV.3.2 RESULTS
Excitation functions (uncorrected for target thickness) for 
the five reactions are shown in figures IV.1 to IV.5 with cross sec­
tions given in the laboratory system. The excitation function of the
'^B(^He,n )^  N reaction was obtained at 0° to the beam direction at o
intervals of 100 keV between 5.0 and 11.5 MeV, whilst the excitation
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2 ^  3  2 8  2 9  8  3i 3 q 3 32
f u n c t i o n s  f o r  t h e  UMg( H e ,n  ) S i ,  ~ S i ( ~ H e , n  ) S and S i (  H e ,n  ) So o o
r e a c t i o n s  w e r e  m e a s u r e d  a t  0° t o  t h e  beam d i r e c t i o n  i n  50 keV s t e p s
b e t w e e n  5 . 0  and 1 2 . 0  MeV, 5 . 3 5  and 1 1 . 5 5  MeV, and 6 . 5  and 1 2 . 0  MeV
26 28
i n c i d e n t  e n e r g y  r e s p e c t i v e l y .  By c o n v e r t i n g  t h e   ^ Mg( H e , n ^ )  S i*
o
a n g u l a r  d i s t r i b u t i o n  c r o s s  s e c t i o n s  a t  15 i n t o  t h e  l a b o r a t o r y  s y s t e m ,  
t h e  e x c i t a t i o n  f u n c t i o n  shown i n  f i g u r e  I V . 3 was o b t a i n e d .
1 1 3  13B( H e , n ^ ) __ N: I n  t h e  r e g i o n  o f  o v e r l a p p i n g  d a t a  ( 5 . 0  t o  5 . 6  MeV
3
He e n e r g y ) ,  t h e r e  was good a g r e e m e n t  w i t h  t h e  a b s o l u t e  c r o s s  s e c t i o n s
o b t a i n e d  by Din and W e i l  [Di 6 6 ] .  The Coulomb b a r r i e r  h e i g h t  (~  3 . 7
MeV) i s  be low t h e  e n e r g i e s  u s e d  i n  t h e  p r e s e n t  w o rk ,  b u t  i t s  e f f e c t s
c a n  be s e e n  i n  t h e  e x c i t a t i o n  f u n c t i o n  shown by Din and W e i l .  I n  t h e
e x c i t a t i o n  f u n c t i o n  ( f i g u r e  I V . 1) t h e r e  i s  a  s low  d e c r e a s e ,  w i t h  l i t t l e
3
s t r u c t u r e ,  i n  c r o s s  s e c t i o n  w i t h  i n c r e a s i n g  He e n e r g y .  S i m i l a r l y
M ar sh  and B i l a n i u k  [Ma 63] o b s e r v e d  a sm oo th  d e c r e a s e  i n  c r o s s  s e c t i o n
1 1 3  13f r om  8 . 2  t o  1 0 . 8  MeV b o m b a r d i n g  e n e r g y  f o r  t h e  B( H e ,p ^ )  C r e a c t i o n  
a t  35°  ( a l s o  shown i n  f i g u r e  I V . 1 f o r  c o m p a r i s o n ) .
26 3 „  n 28Mg( H e ,n  ) S i :  ------ ------  0 ------- The Coulomb b a r r i e r  h e i g h t  o f  a p p r o x i m a t e l y  7 . 2
MeV f o r  t h i s  r e a c t i o n  p r o b a b l y  a c c o u n t s  f o r  t h e  i n c r e a s e  o f  c r o s s  s e c -  
3
t i o n  w i t h  He e n e r g y .  S t r u c t u r e  o f  a b o u t  500 keV w i d t h  i s  a p p a r e n t  a t  
7 . 3 0 ,  8 . 1 0 ,  8 . 9 5  and 1 0 . 1 0  MeV i n c i d e n t  e n e r g i e s .  T h i s  phenomenon w i l l  
be d i s c u s s e d  f u r t h e r  i n  s e c t i o n  I V . 4 . 2 .
S i (  He, n ^ ) __ S: A g a i n  t h e  s t e a d y  i n c r e a s e  i n  c r o s s  s e c t i o n  w i t h
i n c i d e n t  e n e r g y  i s  p r o b a b l y  d u e  t o  p e n e t r a t i o n  o f  t h e  Coulomb b a r r i e r  
( ~  7 . 8  MeV). T h i s  e x c i t a t i o n  f u n c t i o n  i s  q u i t e  f e a t u r e l e s s ,  i n d i c a t i n g  
t h a t  t h e  r e a c t i o n  c r o s s  s e c t i o n  c a n  p r o b a b l y  be  w e l l  a c c o u n t e d  f o r  w i t h  
a c o m b i n a t i o n  o f  DWBA and H .F .  a m p l i t u d e s .
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30 3 32Si( He,rQ ~S: As in the previous reaction the excitation function
is relatively featureless apart from the effect of the Coulomb barrier 
(~ 7.9 MeV).
Angular distributions (table IV.4) were obtained at the 
energies marked by arrows on the excitation function diagrams. For 
each reaction, the angular distributions (figures IV.7 to IV.14) 
exhibit a more pronounced forward peak as the incident energy increases, 
consistent with the reaction proceeding principally via a direct 
process.
The only reaction for which angular distributions have been
measured at energies similar to those used in the present work is the 
1 1 3  13B( He,nQ) N reaction. Both the shape and the magnitude of the 5.27 
MeV angular distribution [Di 66] and the shape of the 6.1 MeV angular 
distribution [Ho 69] agree well'with the results obtained here. It may 
be that the difference in absolute cross section between the latter 
reference and the results of Din and Weil and the present work, results 
from incorrect thickness measurements of either the Harwell and the 
present tungsten-backed targets or the target of Honsaker et al.
All the reactions proceed to low lying levels whose spins and
parities are known, and hence the transferred angular momenta are well 
1 1 3  13defined. For the B( He,n ) N reaction the predicted transferredo
+ 26 3 28orbital angular momentum value is Ü = 2, and for the Mg( He,n^) Si, 
29 3 31 3 0 3  32Si( He,nQ) S and S( He,nQ) S reactions the predicted values are
i = 0; these assignments are confirmed by analysis of the angular dis-
2 6 3 28tributions. Although the quality of the Mg( He,n^) Si* data is poor
Since we assume that the protons are in a relative S state, the 
transferred orbital angular momentum, L, is that of the C.M. of the 
protons, A> and will be denoted by £ for consistency with the 
single-stripping case.
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oat forward angles, the angular distributions appear to peak at 0 
rather than at ~ 40° as predicted by the unique transferred orbital 
angular momentum of J& =  2. This discrepancy is discussed in section 
IV.4.4.2.
IV.3.3 ERRORS
Relative errors arising from the collection statistics, the 
energy calibration of the spectra, and the background subtraction are 
given for 500 keV intervals on the excitation functions (table IV.3 and 
figures IV.1 to IV.5) and for all points on the angular distributions 
(table IV.4 and figures IV.7 to IV.14). Absolute errors are obtained 
by including the errors in the stilbene neutron efficiency calculations, 
the target thicknesses, and the beam current integration (see footnote 2, 
table IV.3).
For the ground state neutron groups, the relative and
absolute errors were determined as previously (section III.3.6). For 
26 3 28the “ Mg( He,n ) Si* reaction the fractional error in the yield of
2 8neutrons from the first excited state of Si, A, was calculated by the 
formula
AA = 7t + B2/B' 
A T - B (IV.1)
where the terms are defined in figure IV.6, which also shows a typical
26 3 28spectrum from which the Mg( He,n^) Si* cross sections were extracted.
3Table IV. 3 lists the uncertainty in the He beam energy from 
both the beam energy resolution of 5 keV and the degradation of beam 
resolution in the target.
The error in the angular position of the detector was small, 
and the half angle subtended by the detector at the target was always
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TABLE IV. 3
Excitation functions: relative errors at 0.4 MeV intervals
Reaction E3He
(MeV)
a e „ ')
He
(keV)
do
(mb/sr)
A ä2_2>
du>L
(mb/sr) (MeV)
ae 1 }
He
(keV)
da
dOf
(mb/sr)
A  — 2>
du>L
(mb/sr)
110/3U .13B( He,n ) N o 5.0 9.6 0.440 0.032 8.5 8.5 0.332 0.020
5.5 9.3 0.460 0.032 9.0 8.3 0.263 0.021
6.0 9.3 0.406 0.028 9.5 8.1 0.247 0.019
6.5 9.1 0.388 0.028 10.0 7.9 0.258 0.020
7.0 9.1 0.438 0.033 10.5 7.7 0.259 0. 020
7.5 8.9 0.461 0.035 11.0 7.6 0.193 0.020
8.0 8.6 0.480 0.035 11.5 7.4 0.219 0.019
26Mg(3He,no)28Si 5.0 14.5 0. 143 0. 011 9.0 13.9 1.12 0.13
5.5 14.5 0.357 0.029 9.5 14.0 1 .28 0.11
6.0 14.4 0.210 0. 023 10. 0 13.7 1 .56 0.12
6.5 14.3 0.640 0.054 1 0.5 13.5 1.138 0.096
7.0 14.3 0.826 0.070 11.0 13.2 1.50 0. 1 1
7.5 14.2 0.861 0. 077 11.5 13.2 1.836 0.095
8. 0 14.1 1.343 0.093 12.0 12.9 1.58 0. 11
8.5 14.0 0.841 0.071
29Si(3He,nQ)31S 5.55 5.5 0.794 0. 068 9.0 5.2 5.36 0.42
6.0 5.4 1.56 0.11 9.5 5.2 5.54 0.43
6.5 5.4 2.67 0.22 10.0 5.2 6.10 0.48
7.0 5.3 2.99 0.25 10.5 5.1 7.00 0.60
7.5 5.3 3.10 0.26 11.0 5.1 6.63 0.54
8.0 5.3 3.66 0.27 11.5 5.1 7.27 0.58
8.5 5.2 4.91 0.35
30Si(3He,n )32S o 6.5 6.2 0.585 0.066 9.5 5.6 1.54 0.13
7.0 6.0 0.708 0.055 10.0 5.5 1 .87 0.17
7.5 5.9 1.072 0.094 10. 5 5.5 2.48 0.21
8.0 5.8 1.004 0.088 11.0 5.5 2.33 0.17
8.5 5.7 1 .43 0.14 11.5 5.4 2.34 0.19
9.0 5.7 2.01 0.15 12.0 5.4 2.65 0.22
 ^^ The beam spread from the target thickness was calculated from the formulae of Rossi 
[Ro 52].
Absolute errors are obtained by including the errors in the target thicknesses (table 
IV.1), the beam collection (± 2^) and the detection efficiency (± 1 3$>).
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l e s s  t h a n  5 ° .  The d e t e c t o r - t o - t a r g e t  r a d i a l  d i s t a n c e  was c h o s e n  a s  a 
c o m p ro m ise  b e t w e e n  m i n i m i z i n g  t h i s  h a l f  a n g l e  and o b t a i n i n g  an  a d e q u a t e  
n e u t r o n  y i e l d .
I V . 4 ANALYSIS 
I V . 4 .1  GENERAL
P r e l i m i n a r y  a n a l y s e s  o f  t h e  e f f e c t s  o f  v a r i o u s  c h o i c e s  o f  
bound s t a t e  p a r a m e t e r s  on t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  showed t h a t  
t h e  s h a p e s  o f  t h e  a n g u l a r  d i s t r i b u t i o n s  w e r e  l i t t l e  a f f e c t e d ,  a l t h o u g h  
t h e i r  m a g n i t u d e s  v a r i e d  c o n s i d e r a b l y .  T h i s  e f f e c t  c o n v e n i e n t l y  a l l o w e d  
t h e  a n a l y s i s  t o  be s p l i t  i n t o  two p a r t s  - t h e  o p t i c a l  model  c a l c u l a t i o n s  
and  t h e  i n s e r t i o n  o f  c a l c u l a t e d  bound s t a t e  c o n f i g u r a t i o n s .
I n i t i a l l y  no i n f o r m a t i o n  was a v a i l a b l e  on t h e  a m p l i t u d e s  o f
t h e  v a r i o u s  s h e l l  model  wave f u n c t i o n s  c o n t r i b u t i n g  t o  t h e  r e s u l t a n t
bound s t a t e  wave f u n c t i o n  f o r  r e a c t i o n s  i n  t h e  ( 2 s - 1 d )  s h e l l .  Thus
s u i t a b l e  o p t i c a l  model  p o t e n t i a l  p a r a m e t e r s  w e r e  o b t a i n e d  t o  f i t  t h e
s h a p e s  o f  t h e  e x p e r i m e n t a l  a n g u l a r  d i s t r i b u t i o n s  u s i n g  a s i m p l e  bound
3
s t a t e  c o n f i g u r a t i o n .  V a r i o u s  r e l e v a n t  O.M. a n a l y s e s  o f  He e l a s t i c  
s c a t t e r i n g  d a t a  w e r e  a v a i l a b l e  a l t h o u g h ,  a s  u s u a l ,  s i m i l a r  n e u t r o n  
e l a s t i c  s c a t t e r i n g  a n a l y s e s  w e r e  n o t  a s  p l e n t i f u l .
1 1 3  13W i th  t h e  e x c e p t i o n  o f  t h e  B( H e ,n  ) N r e a c t i o n ,  f i t s  o f
o
t h e  t h e o r e t i c a l  c r o s s  s e c t i o n s  t o  t h e  e x p e r i m e n t a l  d a t a  o v e r  t h e  f i r s t
two p e a k s  w e r e  u s e d  a s  a g u i d e  i n  e s t a b l i s h i n g  t h e  c o r r e c t  O.M. p a r a -
11 3 13m e t e r s .  T h i s  p r o c e d u r e  was n o t  a d o p t e d  f o r  t h e  B( H e ,n  ) N r e a c t i o n
o
b e c a u s e  o f  t h e  l a r g e  C.N. c o n t r i b u t i o n  p r e s e n t .  However ,  s u b j e c t i v e  
j u d g e m e n t  o f  t h e  q u a l i t y  o f  t h e  f i t s  was a l s o  u s e d  f o r  t h e  r e a c t i o n s  i n  
t h e  ( 2 s - 1 d )  s h e l l ,  a s  i t  was s o m e t i m e s  p o s s i b l e  t o  o b t a i n  X2 min ima 
w i t h  o b v i o u s l y  bad f i t s  ( e . g .  p r e d i c t e d  p e a k  p o s i t i o n s  c o u l d  b e  o f f s e t
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from che experimental values). Since the C.N. contribution to these 
reactions was small, the accuracy of peak position predictions was used 
as a criterion of the validity of a set of O.M. potentials. This 
criterion has the advantage of being less susceptible to relative 
errors in the experimental angular distributions, than relying solely 
on X"1 minima which fit to the shape of the angular distribution.
11 3 .13For the B( He,nQ) N angular distributions a slightly dif­
ferent procedure was adopted. First, optical model parameters were 
adjusted to obtain correct peak positions, and then a C.N. cross sec­
tion component was incoherently added to the direct reaction component 
to obtain a minimum X2 fit to the experimental angular distributions.
The O.M. parameters were then readjusted to improve the fit.
When information became available on the structure of the 
bound states for the reactions in the (2s-1d) shell the second part of 
the analysis could be performed. Establishment of the appropriate wave 
functions describing the bound state fixed the magnitude of the 
theoretical cross section, allowing an estimation of the normalization 
constant for predicting experimental absolute cross sections from zero 
range DWBA calculations.
IV.4.2 COMPOUND NUCLEUS MECHANISM
26 3 28Only the Mg( He,n ) Si excitation function exhibitedo
appreciable structure. It seems probable from the shapes of the high
energy angular distributions that, with the exception of the
1 1 3  13B( He,nQ) N reaction, the compound nucleus process played an insig­
nificant role in the reaction mechanism. Although the low energy
30 3 32angular distributions (with the exception of the 7.0 MeV Si( He,nQ) S 
angular distribution) could be accounted for by the direct reaction 
mechanism, a check was carried out on the likelihood of statistical C.N.
83
effects being present.
Values of mean level width to spacing ratios were obtained for
29 32 33the (2s- 1d) shell compound nuclei ( Si, S and S) using the formulae
given by Gilbert and Cameron [Gi 65] and Ericson and Mayer-Kuckuk
1 4[Er 66, figure 7], and for N using the similarly derived formula of 
Cords [Co 69a] for excitation energy E,
(T/D) = exp( 1 .93 - 19.4/^+0.868 /E) . (IV.2)
14n
Table IV. 5 lists the values of (T/D) obtained for energies at the
extremes of the excitation functions.
29 3 31 30 3 32Both the Si( He,n ) S and the Si( He,n ) S reactionso o
have sufficiently large values of T/D in the excitation energy region 
studied to inhibit excitation of individual compound nucleus resonances. 
The featureless excitation functions support this conclusion, and the 
small cross sections at the minima of the angular distributions 
indicate that the statistical C.N. mechanism contributes a small amount, 
at most, to the reaction yield.
26 3 28On the other hand, the Mg( He,nQ) Si reaction shows con­
siderable structure in the excitation function, although the calcula­
tions showed that there was a good overlap of energy levels at the
29energies excited in the compound nucleus, Si. Because of the strong 
level overlap it is unlikely that the structure is due to the excitation 
of individual resonant levels. Ericson fluctuations typically have a 
width comparable to the C.N. level width, T (~ 100 keV), and a spacing 
of about twice T, but the structure observed here is much broader 
(300-500 keV wide, ~ 1 MeV apart). A third possibility is that the 
peaks in the excitation function are not of compound nucleus origin, 
but are due to 'intermediate structure'. Kerman et al. [Ke 63] 
estimate the peaks in such structure to have typical widths of several
84
TABLE IV. 5
Estimated values of mean level widths and spacings 
for compound nuclei formed
Compound
Nucleus
E (MeV)
JHe
E^ (MeV) T (keV) D (keV) r/D
14n 5.0 24.7 0. 039 0.00381 10.3N 12.0 30.2 0.036 0. 001 54 23.7
29 5.0 25.1 94.4 0.0689 1 ,371ol 12.0 31.4 144.3 0.01 03 13,983
32 5.0 23.6 56.5 0.181 3120 12.0 30. 0 1 03.2 0. 0245 4,213
33s 5.0 21 .6 40.9 0.174 235O 12.0 28.0 81 .2 0.0226 3,587
/ f n 1_ _ e x p ( 2 /äÜ) 1
} = D ' 12 (aU5)i
a/A = 0.00917 S + 0 .120  S = S(N) + S(Z)
U = E - (P(N) + P(Z))
1 2
cr2 = 0 .0888  (aU) 2 A3
£, n T  = Ina. + ß. A/E , a = 1 .2 X 1 04, ß = -4.6 MeV" * I I  x 1
where A and E have their usual meanings and the other terms are x
defined in reference [Gi 65].
hundred keV. Hence this explanation of the observed structure seems to 
be the most likely. In spite of the structure in the 0° excitation 
function, the shapes of the angular distributions, and the consistency 
of the O.M. potentials which fit them, indicate that the predominant 
mechanism is the direct reaction process.
With the exception of the broad resonance at 7.8 MeV (~ 1 MeV 
1 1 3  13wide) the B( He,n ) N excitation function shows no structure,o
although the level overlap (T/D) = 10-20) is not large. From the
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angular distribution shapes it is probable that considerable statistical
compound nucleus effects are present. This situation is to be compared 
12 13with the C(d,nQ) N reaction where, at lower excitation energies 
(T/D ~ 2), overlapping resonant levels in could be seen in the
excitation function.
1 1 3  13In the analysis of the B( He,n ) N angular distributions,o
the statistical C.N. effects were estimated using the Hauser-Feshbach
theory. Sixty-eight levels of known spin and parity of the final
nuclei in the proton, neutron, deuteron, and a exit channels and up to
57 levels calculated using the level density formulae of Gilbert and
Cameron (section II.3.4), were included in the calculations for each
angular distribution. For simplicity, optical model parameters
(obtained from the sources listed in table IV.6(b)) were not varied
with outgoing particle energy. An indication of the validity of this
procedure was obtained by changing all but the ground state neutron
well depths used in the calculation by 10% - only a 0 . 4 change
3resulted in the absolute C.N. ( He,n ) cross section.o
IV.4.3 BOUND STATE DESCRIPTION
Investigations were performed on the effects of the various 
bound state parameters prior to the search for suitable O.M. parameters 
used to generate the distorted waves. It was pointed out in section 
III.4.4.1 that the geometry of the bound state potential for single­
particle stripping is not well known, and this can lead to large uncer-
3tainties in the magnitude of the cross section. For the ( He,n) 
reaction, there are the added uncertainties of the distribution of the 
binding energy between the two protons, and the relative strengths of 
the single-particle wave functions constituting the bound state wave
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TABLE IV. 6
(a) Level density parameters required for the Hauser-Feshbach 
calculation extrapolated from graphs and tables in reference [Gi 65]
Channel P(N) P(Z) S(N) + :S(Z) EX a T Eo
13C + p 0.0 21.0 5.0 1 7.03' 2.442 3.225 8.87
12C + d 3.0 21.0 5.0 21.00 2.2 54 3.477 10.99
1 °B + a 0.0 C). 0 5.0 17.50 1.878 4.134 7.399
13m ^N + n 0.0 21.0 4.5 17.03 2.382 3.280 8.900
(b) Optical model parameters used in the Hauser -Feshbach calculation
Outgoing
Channel V r v a v W rw %
1 ) Source of 
so Parameters
13C + p -50. 5 1 .25 0.65 7.5 1 .25 0.70 5.5 [Ho 67]
13N + n -45. 0 1 .32 0.66 9.0 1 .26 0.47 [Ho 67]
, 2 c  + d -130.0 0.90 0.90 6.88 1 .899 0.562 [Sa 66a]
11B + 3He -194.6 1 .20 0.668 13 1 .20 0.894 5.2 [Pa 69]
1 °B + a -125.0 1 .87 0. 50 3 1.87 0.30 [Ca 64]
^  The spin-orbit geometry was the same as that of the real potential.
function. A more detailed investigation of the latter is described in 
section IV.4.4.
Table IV.7 shows the effect of varying the bound state
geometry by ± 5$>, the distribution of binding energies by ± 1.5 MeV,
and the single-particle wave function amplitudes used in the calcula- 
26 3 28tion of the Mg( He,n^) Si reaction at 11.5 MeV. The x2 term,
defined as
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TABLE I V . 7
O A o  o o
V a r i a t i o n  o f  1 1 . 5  MeV Mg( H e , n Q) S i  d i f f e r e n t i a l  c r o s s  s e c t i o n
w i t h  bound s t a t e  p a r a m e t e r s
P a r a m e t e r  Changed X2 Ko
(MeV- 2  fm"4 ) 3) AK (f0) 4) 0
S t a n d a r d  s e t ^  ^ 8 9 . 9 1 244 -
r v = 1 .3 1 2 5  fm (+5%) 3 0 9 . 0 903 -27
r  = 1 . 1 8 7 5  fm ( - 5%) 1 4 6 . 0 1 603 +29
a v = 0 . 6 8 2 5  fm (+5$) 99.1 1 1 53 -7
a^  = 0 . 6 1 7 5  fm ( - 5 $ ) 8 8 . 4 1329 +7
E® = 7 .341 MeV 3B \ 8 8 . 6 1231 -1
E = 4 .341 MeV 
B
J
a ( 2 s i / 2 ) £ + a ( l d 5 / 2 )2  2>
8 7 .7 349 -72
b ( 2 s 1 / 2 ) 2 +  2 b ( l d 5 / 2 ) 2 2) 8 5 . 2 462 -63
 ^  ^ The s t a n d a r d s e t  o f  bound s t a t e  p a r a m e t e r s  w a s :  r ^  = 1 . 2 5  fm,
a ^  = 0 . 6 5  fm, A = 0, b o t h p r o t o n s  i n ( 1 d ^ y £) s h e l l .
2 ) The wave f u n c t i o n  a m p l i t u d e s  a r e  n o r m a l i z e d ,  so  t h a t  a = 0 . 7 0 7 1 ,  
b = 0 . 5 7 7 3 .
K i s  t o  be  compared  w i t h  t h a t  o b t a i n e d  i n  t a b l e  I V . 13 when 
•e-o r r e e-& bound s t a t e  wave f u n c t i o n s  a r e  u s e d .
^  AK i s  g i v e n  by [K ( p )  - K ( s ) ]  X 100 /K  ( s )  w h e r e  K ( p )  and K ( s )  
o o o o o o
a r e  t h e  v a l u e s  o f  K w i t h  a p a r t i c u l a r  p a r a m e t e r  c h a n g e  and w i t h
o
t h e  s t a n d a r d  s e t  r e s p e c t i v e l y .
i ? (a-
N ,  i = l
EXP ( 0 . ) KaDW( 0 i ) ) 2
(AffEXP( 0 i ) ) £
( I V . 3)
w i t h
EXP ( 0°)
K
o
2Jf +l
( 2 J . + 1 ) ( 2 j + l ) ( I V . 3 a )K and K
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is a sensitive measure of the change in shape of the angular distribu­
tion with parameter variation. In equation (IV.3) cr (0) is theEXr
experimental differential cross section and cr (0) is the output fromDW
DWUCK (in MeV"^ fm-"*) at angle 0. Although the shape of the angular 
distribution is very sensitive to the potential radius, variations in 
either binding energies or composition of the bound state wave function 
has little effect on the shape. This insensitivity to the proportions 
of 2 s ^ 2  and ld^ 2  (or 1 ^ 5/2 ) wave futlcti-ons allowed simple bound state 
wave functions to be used whilst obtaining the optical model potentials.
On the other hand, the magnitude of the calculated cross sec­
tion was very sensitive to all these bound state parameters, as
reflected in the large variations in K • Thus the choice of boundo
state parameters was crucial for the extraction of accurate 
normalization factors.
2 6 3 28A dependence, similar to that shown for the Mg( He,n ) Sio
reaction in table IV.7, was found for the other double-stripping 
r eactions.
For the subsequent calculations, the potential geometry of 
Perey and Buck [Pe 62] was used, viz. r^ = 1.25 fm, a^ = 0.65 fm with 
the potential depth adjusted to give the correct binding energy for 
each stripped proton moving in a potential of (A + 1 ) nucleons. A 
Thomas-type spin orbit potential with A = 25 was included.
1 1 3  13Except for the B( He,nQ) N reaction, the total binding
energy was divided equally between the two protons (this procedure is
probably accurate to half the pairing energy, ~ 1.5 MeV for the reac-
1 1 3  13tions in the (2s-1d) shell). For the B( He,n ) N reaction the trueo
proton separation energies were used, since the proton closing the
1p./0 shell is tightly bound (E . = 1 5  MeV) and that in the3/2 separation
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IPi/r« shell is loosely bound (E . = 1.944 MeV).1/2 separation
1 1 3  13For the B( He,n ) N reaction the bound state wave function o
is almost certainly a mixture of (Ip^^)» ^^1/2^ anc^ ^ Sl/2^ 
model wave functions. Since the spectroscopic amplitudes of these 
shell model wave functions are not known, a mixture of OPß/ 2  ^ ant^
(1 Pi/2 ) wave functions was used with spectroscopic amplitudes rep­
resented by the two-particle fractional parentage coefficients [Co 70]. 
Whilst determining the optical model parameters, the following simple
bound state configurations were used: (2s^2)2 f°r the Si( He,nQ) S
and 3<^ Si(3He,n )33S reactions and (1dp/ri)2 for the 3^Mg(3He,n )33Si o 5/2 o
reaction.
IV.4.4.1 The 1]B(3He,n )13N Reactiono
1 1 3  13The analysis of the B( He,nQ) N reaction was conducted
separately to that of the double-stripping reactions in the (2s-1d)
shell. Unlike the latter reactions, a substantial portion of the 
1 1 3  13B( He,n ) N reaction probably proceeds via the C.N. mechanism, and o
so this process was included in the fits as explained in section IV.4.1. 
3He optical model parameter sets from a number of sources
[Pa 69, Ad 70, Gr 70b, Bo 70, Sq 68] were tried in conjunction with
various neutron parameter sets [Ad 70, Ho 67, Bo 70, table III.8a] to
obtain preliminary fits to the 10 MeV angular distribution (table
IV.8(a)). Park et al. have conducted a series of elastic scattering
experiments on light nuclei [Pa 68, Pa 68a, Pa 69] showing that the
parameter sets providing the optimum fits to the data vary considerably,
even for adjacent nuclei. Hence it was important to initially estab-
11 3lish the parameter sets providing the best description of the B + He
1 3and N + n channels in the present work.
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From the parameter sets investigated, the He O.M. parameters
3obtained by Park et al. [Pa 69] for the elastic scattering of He par­
ticles from ^  B, and the neutron parameters used by Adelberger and
McDonald [Ad 70] for the ^C(^He,n)^0 reaction gave the best fit to
3the data. Since the real central potential depth for the He particle
is believed to be about three times that for a nucleon potential
n 3[Ro 65a, Pa 68a, Ab 66] the Vr ambiguity was used to lower the He
potential depth from -195 MeV to -150 MeV, using the value, n ~ 1.5,
given by Park et al.:
V = -150 MeV , r = 1.42 fm .
Probably because the neutron elastic scattering parameters 
calculated using the GPT model in section III.4.4.3 were derived at 
lower neutron energies (~ 7.6 MeV) than used in the present experiment 
(~ 20.1 MeV), they did not provide a good fit to the data. However, it 
was hoped that the neutron O.M. parameters finally used to fit the data 
would also be compatible with the GPT model.
3All parameters of the chosen He and neutron sets were varied
by ± 10°]o to determine their effects on the calculation of the angular
distributions. In general, it was found to be necessary to vary only
3the real central well depths of the He particles and the neutrons to 
achieve fits to the angular distributions from one incident energy to 
another, although variations of absorptive potentials were sometimes 
necessary. Table IV.8(b) lists the parameter sets for each angular dis­
tribution, together with the reduction factors used in the H.F. cal­
culations. In the diagrams the calculated angular distributions have 
been normalized to the forward peak of the experimental angular
distributions.
8.0 MeV
6.5 MeV
5.2 MeV
20° 4Cf 6 ( f  80° 100° 120° 140° l6Cf
Figure IV.7. The 5.2, 6.5 and 8.0 MeV angular distributions for the 
1 1 3  13B( He,n^) N reaction are shown here fitted with a mixture of 
Hauser-Feshbach and DWBA cross sections. Reduction factors of 
R = 0.22, 0.20 and 0.20 were used at each energy respectively. At 
lower energies the angular distributions exhibit a symmetry about 
90°, indicating the existence of statistical compound nucleus 
effects. There is good agreement between the 5.2 MeV data shown 
here and the 5.27 MeV angular distribution of Din and Weil [Di 66].
B( He,n(
12.0 MeV
11.0 MeV
10.0 MeV
9.0 MeV
140° 160°
F i g u r e  I V . 8.  The 9 . 0 ,  1 0 . 0 ,  1 1 . 0  and 1 2 . 0  MeV ^ B ( ^ H e , n Q) ^ N  a n g u l a r  
d i s t r i b u t i o n s  a r e  shown h e r e  f i t t e d  w i t h  a m i x t u r e  o f  H a u s e r -  
F e s h b a c h  and DWBA c r o s s  s e c t i o n s .  R e d u c t i o n  f a c t o r s  o f  R = 0 . 1 2 ,  
0 . 1 0 ,  0 . 1 0  and 0 . 1 0  h a v e  b e e n  u s ed  a t  e a c h  e n e r g y  r e s p e c t i v e l y .
The a l l o w e d  t r a n s f e r r e d  a n g u l a r  momentum o f  t h e  C.M. o f  t h e  p r o t o n s  
was u n i q u e l y  1 =  2 and t h i s  a s s i g n m e n t  was s u p p o r t e d  by t h e  f i t .
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I t  c a n  be  s e e n  t h a t  t h e  q u a l i t y  o f  t h e  f i t s  d e t e r i o r a t e s  a t  
low b o m b a r d i n g  e n e r g i e s ,  p r o b a b l y  f rom t h e  i n c r e a s e d  C.N. c o n t r i b u t i o n  
t o  t h e  c r o s s  s e c t i o n  ( r e f l e c t e d  i n  t h e  h i g h e r  v a l u e s  o f  t h e  r e d u c t i o n  
f a c t o r ,  R, a t  lo w er  e n e r g i e s ) .  For  e a ch  o f  t h e  9 . 0 ,  1 0 . 0 ,  1 1 . 0  and 
1 2 . 0  MeV a n g u l a r  d i s t r i b u t i o n s ,  t h e  f o r w a r d  peak  o f  t h e  e x p e r i m e n t a l  
a n g u l a r  d i s t r i b u t i o n  i s  c o n s i s t e n t l y  b r o a d e r  t h a n  t h a t  o f  t h e  c a l ­
c u l a t e d  s h a p e .  O t h e r w i s e  t h e  t h e o r e t i c a l  f i t s  a r e  i n  r e a s o n a b l e  a g r e e ­
ment  w i t h  t h e  e x p e r i m e n t a l  d a t a .  The v a l u e s  o f  K i n  t a b l e  I V . 8 ( b )
o
( c f .  v a l u e s  o f  K g i v e n  i n  t a b l e  I V . 13) a r e  n o t  r e l i a b l e  b e c a u s e  o f  
o
b o t h  t h e  l a r g e  amount  o f  C.N. p r o c e s s  o c c u r r i n g  and t h e  i n a d e q u a t e  
d e s c r i p t i o n  o f  t h e  bound s t a t e  wave f u n c t i o n  u s e d  i n  t h e  a n a l y s i s .
L i t t l e  i s  known a b o u t  t h e  b e h a v i o u r  o f  t h e  n e u t r o n  p o t e n t i a l
v o lu m e  i n t e g r a l ,  J  , a t  low m a s s e s .  H o l m q v i s t  [Ho 68] i m p l i e s  t h a t  a t
low e n e r g i e s  i n c r e a s e s  w i t h  d e c r e a s i n g  mas s ,  so  t h a t  t h e  v a l u e s
o b t a i n e d  h e r e  f o r  J . T a r e  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  v a l u e s  o f  JN N
o b t a i n e d  by him a t  h i g h e r  m a s s e s .  The n e u t r o n  p a r a m e t e r  s e t s  i m p l y  a
1 3mean s q u a r e  m a t t e r  r a d i u s  o f  N ( 6 . 1 1  fm2 ) somewhat  l a r g e r  t h a n  t h a t  
f o u n d  by W i l k i n s o n  and M a f e t h e  [Wi 66] ( 5 . 3 8  fm2 ) .
W e i s s e r  e t  a l .  [We 70]  and Cage e t  a l .  [Ca 72]  show t h a t  f o r
3
a  and He p a r t i c l e s  r e s p e c t i v e l y ,  t h e  vo lum e i n t e g r a l  o f  t h e  O.M.
9
p o t e n t i a l  c h a r a c t e r i z e s  a p a r t i c u l a r  d i s c r e t e  a m b i g u i t y  ( a m b i g u i t y  ( 1 ) ,
s e c t i o n  I I . 2 . 6 ) .  The l a r g e  v a l u e s  o f  J  o b t a i n e d  h e r e  im p ly  t h a t ,
3
a l t h o u g h  V ~  - 1 5 0  MeV, t h e  He p a r a m e t e r s  g i v e n  by P a r k s  e t  a l .  d e f i n e
a p o t e n t i a l  w e l l  c o n t a i n i n g  a t  l e a s t  one  more h a l f  w a v e l e n g t h  t h a n  i s
n o r m a l l y  u s e d  ( J  >  400 MeV fm ) .  Cage e t  a l .  a l s o  c o n c l u d e  t h a t  ( r 2 )^
3
f o r  He p o t e n t i a l s  b e a r  l e s s  r e l a t i o n  t o  p h y s i c a l  p a r a m e t e r s  ( s u c h  as
( r 2 ) ^ )  t h a n  d o e s  t h e  same q u a n t i t y  f o r  n e u t r o n  p o t e n t i a l s , a l t h o u g h  f rom
3
f o l d i n g  t h e  n u c l e o n - n u c l e o n  f o r c e  i n t o  t h e  He and n u c l e a r  m a t t e r  
d i s t r i b u t i o n s  W e i s s e r  e t  a l .  s u g g e s t  t h e  a p p r o x i m a t i o n
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(r2)v » (r2)m + (r2)d + r^2 3^ (!V.4)
He
3 1 1 3for He O.M. potentials. This formula is satisfied for the B + He
potentials used here if (r2)_ = 3.88 fm2 [G1 65a], (r2) = 5.38 fm2mHe
[Wi 66], and (r2), = 2.25 fm2 [Gr 68]. a
IV.4.4.2 Reactions in the (2s-1d) Shell
A DWBA analysis was performed on the ground state neutron
groups from the reactions in the (2s-1d) shell, but no analysis was
26 3 28attempted on the angular distributions from the Mg( He,n^) Si* reac­
tion because of the poor quality of the data. For this latter reaction 
the unique allowed transferred C.M. orbital angular momentum, g = 2, is 
not confirmed by the angular distribution shapes (figures IV.11, IV.12) 
which, in spite of the poor quality of the data, can be seen to peak at
zero degrees. Compound nucleus effects or a two step process (such as 
26 3 27 28Mg( He,d) Al(d,n.|) Si*) could cause the forward peaking [Ma 70].
The former process is unlikely, given the large level overlap at the
2 8excitation energies in Si and the consequent small probability of 
3decay into the ( He,n^) channel. It is difficult to estimate the mag­
nitude of the latter process, even using the approximate formula [Ro 64]
(T ~ 4 E a\ou 07 . x k .2 , (IV.5)i (JHe,i) (1,n) l
since the intermediate step cross sections are unknown.
All three ground state reactions involve targets of similar
masses and so, for the different nuclei, the scattering potentials
3experienced by the He particles and the neutrons respectively should
3be similar. Various He [Ka 68, Gr 68a, Br 69, Br 65, Nu 70, Du 68,
Go 68, De 67] and neutron [Ho 67, Ho 68] O.M. parameter sets (table
29 3 31IV.9) were tested on the Si( He,n^) S reaction at 9.5 MeV bombarding
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8.0 MeV
6.0 MeV
0.05
100°  120°  140'0°  20* 160°  180*
Mg( He,n ) Si angular distributionsThe 6.0 and 8.0 MeVFigure IV.9.
are shown in this figure fitted with a double-stripping DWBA theory, 
using a simple bound state configuration (ld,.^)2 (heavy lines) and 
a mixture of (Id^.^) anc* mo<*el wave functions (thin
lines) due to Towner [To 72]. Both predicted angular distributions 
have been normalized to the appropriate 0° experimental cross 
section. The protons transfer a C.M. angular momentum of & = 0 to 
the ^ M g  nucleus.
Mg( He.nJ Si 
11.5 MeV
10.0 MeV
9 .0  MeV
'c.m.
F i g u r e  I V . 10. The 9 . 0 ,  10 .0  and 11 .5  MeV ^ M g ( ^ H e , n Q) ^ S i  a n g u l a r
d i s t r i b u t i o n s  a r e  shown h e r e ,  f i t t e d  as  d e s c r i b e d  i n  t h e  c a p t i o n  o f  
f i g u r e  I V . 9.
9.0 MeV
8.0 MeV
6.0 MeV
96 o o o
Figure IV.11. The 6.0, 8.0 and 9.0 MeV Mg( He,n^) Si* angular
distributions are shown in this figure in which the solid lines are 
(unfortunately) not fits but are drawn to guide the eye. A C.M. 
angular momentum value of I = 2 is transferred in this reaction.
11.5 MeV
3 0.20
10.0 MeV
Figure IV. 12. The 10.0 and 11.5 MeV ^ M g ( ^ H e , a n g u l a r
distributions are shown in this figure. The remarks in the caption 
of figure IV.11 apply to this figure also.
9.5 MeV
-O 0.05
8.0 MeV
20° 40° 60° 80° 100° 120° 140° 160° 180°
29 3 31Figure IV.13. Fits to the 8.0 and 9.5 MeV Si( He,nQ) S reaction 
angular distributions, using a double-stripping DWBA theory, are 
shown in this figure. Both the fits using a simple ^s.^^)2 k°un<* 
state wave function (thick lines) and those using a mixture of 
(Idsi^) and wave functions (thin lines) [To 72], are in
good agreement with the data. Both fits have been normalized to 
the 0° experimental cross section.
9.0 MeV
7.0 MeV
0.05-
Figure IV.14. This figure shows the fits to the 7.0, 9.0 and 11.0 MeV 
30 3 32Si( He,nQ) S reaction angular distributions. Use of either the 
simple (2s ^ 2)2 or the ^ S ]/2 “ ^3/2^ wave functions [To 72] 
produced no discernible shape difference in the angular distribu­
tions normalized at 0°. The fits to the experimental data at 7.0 
MeV are poor even with the inclusion of a Hauser-Feshbach term 
(R = 0.07). The poor fits are characterized by too deep first 
minima - a phenomenon discussed in reference [Sc 72].
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energy, using the bound state parameters given in section IV.4.3.
3Of these parameter sets, the He set given by Kattenborn et
al. [Ka 68] and the neutron parameter set of Holmqvist [Ho 68] were
3judged to provide the best fit to the experimental data. The He para-
3meters were derived from an O.M. analysis of He elastic scattering 
from several (2s-ld) shell nuclei spanning those studied in the present 
experiments, whilst the neutron parameters result from the extrapola­
tion of the potentials obtained from the extended study of fast neutron 
scattering over an 8 MeV energy range with a large number of elements.
A basic assumption of the O.M. theory is that the potentials 
vary smoothly and slowly with energy and scattering mass. For the 
present experiments a simple variation of the real central potential 
depth over the ten angular distributions obtained, is probably suf­
ficient to account for shape changes. An alternative approach is to 
assign the energy dependence of O.M. potentials to nonlocal effects as
described in section II.2.7. Using such nonlocal potentials, the 
29 3 31Si( He,nQ) S 9.5 MeV angular distribution shape is not drastically
3altered. For nonlocal proton, He particle and neutron O.M. potentials 
the magnitude of the predicted 0° cross section was increased by 53%,
2% and -0.5% respectively using the nonlocality ranges given in section 
II.2.7. A similar strong dependence on the bound state nonlocality was
9b O OQ o o Oo
observed for the 11.5 MeV Mg( He,n ) Si and 11.0 MeV Si( He,n ) So o
reaction absolute cross sections, and is shown in table IV.10. Only 
26 3 28the Mg( He,n ) Si reaction showed an appreciable variation in shape 
with the inclusion of nonlocality in the potentials. In the following 
calculation the O.M. potentials were assumed to be local.
3All six He and neutron parameters (V, r , a , W, rI7, aT7) ofV V W W
the chosen parameter sets (references [Ka 68, Ho 68]) were changed by 
± 10% to determine their effect on the highest energy angular
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TABLE I V . 10
E f f e c t s  o f  u s i n g  n o n l o c a l  O.M. p o t e n t i a l s  
on  s h a p e ' ^  and m a g n i t u d e  o f  c a l c u l a t e d  c r o s s  s e c t i o n s
2 6 mMg( He,
s 28n ) S i  
o
29 3
S i (  He, n ) 3 1 S o
30 ,3S i (  He, 32n r z s  o
1 1 . 5 MeV 9 . 5  MeV 1 1 MeV
X2 1°
i n c r e a s e  
a t  0 ° y?*
i n c r e a s e  
a t  0 ° X2 10
i n c r e a s e  
a t  0 °
S t a n d a r d 0 . 0 1 5 8 - 0 . 0 1 7 3 - 0 . 0 2 1 3 -
3
He p a r t i c l e 0 . 0 2 3 5 - n 0 . 0 1  81 21o 0 .0 2 1 3 0
n e u t r o n 0 . 0 2 4 4 - 1 3 $ 0.01  91 - 0 . 5 $ 0 . 0 2 1 3 0
p r o t o n 0 . 0 3 5 0 38$ 0 . 0 1 8 4 5 3 $ 0 . 0 2 4 9 5 2 $
X1 2 was d e f i n e d  a s  i n  e q u a t i o n  ( I V . 6 ) .
d i s t r i b u t i o n  o f  e a c h  r e a c t i o n .  As e x p e c t e d ,  v a r i a t i o n s  o f  t h e  He and
n e u t r o n  r e a l  w e l l  d e p t h s  p r o v i d e d  s u f f i c i e n t  c o n t r o l  o v e r  t h e  a n g u l a r
d i s t r i b u t i o n  s h a p e s  t o  a c c o u n t  f o r  v a r i a t i o n s  w i t h  i n c i d e n t  e n e r g y
and t a r g e t  m ass .  Thus  t h e  two p a r a m e t e r s  ( c a l l e d  V and V^ f o r
3
t h e  He and n e u t r o n  w e l l  d e p t h s  r e s p e c t i v e l y )  w e r e  v a r i e d  i n  2 . 0  MeV 
s t e p s  a b o u t  - 1 5 0 . 0  MeV and - 5 0 . 0  MeV r e s p e c t i v e l y ,  t o  o b t a i n  t h e  b e s t  
f i t  t o  t h e  e x p e r i m e n t a l  a n g u l a r  d i s t r i b u t i o n s .
The q u a n t i t y ^
w i t h
JT =
1 A f t e r  t h e  c a l c u l a t i o n s  had b e e n  p e r f o r m e d ,  i t  was d i s c o v e r e d  t h a t  
i n a d v e r t e n t l y  # 0- ^ ( 6 ^ ) ,  i n s t e a d  o f  AcrEXp ( e i ) ,  had b e e n  u s e d  f o r  t h e  
e r r o r  i n  t h e  e x p e r i m e n t a l  d a t a .  However ,  t h i s  d e f i n i t i o n  o f  X2 
s t i l l  p r o v i d e s  a u s e f u l  i n d e x  o f  t h e  f i t  t o  t h e  e x p e r i m e n t a l  a n g u l a r
d i s t r i b u t i o n  s h a p e .
1  y ^°EXP^0 j^ - ^ p w ^ i ^ 2
N r ;  ( E r r o r ) 2
EXP ( 0 ° )
<v°°>
( I V . 6 )
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was computed for each calculation as a measure of the quality of the
fit to the shape of the experimental data. In this formula, °gxp^i^
and JlTc (0 ) are the experimental and normalized theoretical cross sec- DW i
tions at angle 0 ., and the sum was taken to the second minimum in the 
angular distribution.
3Figures IV. 15 to IV. 18 show the variation of xf with the He
and neutron real potential well depths. A visual check was also made
on the quality of the fits (section IV.4.1), so that the stated 'best
fit' parameter sets (listed in table IV.11) are similar to, but not
always the same as, those producing minimum X 2 values in the figures.
26 3 28This is illustrated by the four X 2 graphs of the 8 MeV Mg( He,nQ) Si
reaction, in which the X 2 minima in the two upper graphs occur at
values of V and V^ which produce peaks in the wrong positions in the
30 3 32angular distributions. For the 9 MeV and 7 MeV Si( He,n ) S reac-o
3tions, the He imaginary well depth, and the neutron real well diffuse­
ness were also varied to improve the fits to the data.
Figures IV.9, IV.10, IV.13 and IV.14 show the calculated 
angular distributions based on the O.M. parameter sets (table IV.11) 
giving the best fits to the experimental data. The fits are quite
satisfactory with the exception of those to the 11.5 MeV
2 6 3  28 3o 3 32Mg( He,n ) Si reaction and the three Si( He,n ) S angular dis- o o
tributions where, to obtain a minimum value of x2> the fits had too
deep first minima and too pronounced second maxima. Scherk and Falk
[Sc 72] suggest that this behaviour arises from use of a one-body des- 
3cription of the ( He + target) interaction instead of the appropriate
many-body description. This simplification gives rise to 3He O.M.
potentials characterized by values of r^ ~ 1.15 fm (as used here) which
provide poor fits to DWBA reaction analyses. Even with the inclusion
30 3 32of a Hauser-Feshbach term (R = 0.07) to the 7 MeV Si( He,n ) So
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Figure IV.15. The variation of X2 (as defined in equation (IV.6)) with
3changes in the real well depth of the He (V) and neutron (VN)
26 3 28 ^optical model potentials for Mg( He,n ) Si reaction at 6.0 ando
8.0 MeV is shown in this figure. The quality of fit is more sensi­
tive to variations in V than to variations in V . Two plots of X2 
vs. V (or V ) are shown at 8.0 MeV to illustrate the roughly 
equivalent fits obtained with different choices of V^ and V at this 
energy. The values of V and V^ at the x2 minimum are not 
necessarily those given as 'best fit' values in table IV.11 where 
visual checks were also employed.
86Mg(sHe,n)28Si
50 5 4142 146 150 154 158
V *  -153 MeVVM = - 5 2  MeV
10 MeV10 MeV
146 150 154 158 50 54
VN = -5 5  MeV 
9 MeV
V s -153 MeV 
k 9 MeV
142 146 150 154 158 42
Figure IV.16. This figure shows the variation of X2 (as defined in
3equation (IV.6)) with changes in the real well depth of the He (V)
26 3 28and neutron (V ) optical model potentials for the Mg( He,n ) Si
reaction at 9.0, 10.0 and 11.5 MeV. The quality of fit is more
sensitive to variations in V than to variations in VXT. The valuesN
of V and V^ at the x2 minimum are not necessarily those given in 
table IV.11 as 'best fit' values since the latter values were
obtained using visual checks also.
**Si(*He,nf,S
Figure IV.17. This figure shows the variation of X2 (as defined in
3equation (IV. 6)) with changes in the real well depth of the He (V)
29 3 31and neutron (V„) optical model potentials for the Si( He,n ) S N o
reaction at 8.0 and 9.5 MeV. In this reaction the quality of fit
is more sensitive to variations in V than to variations in V. TheN
values of V and V^ at the x2 minimum are not the same values given 
in table IV. 11 where visual checks were also employed.
Si( HeJtf S
V ■ -4 6  MeV
II MeV II MeV
142 146 150 154
V, - - 4 3  MeV V * -150 MeV
9 MeV 9 MeV
34 42 58 66
146 150 154 158
V - - 4 6  MeV V-  -151 MeV
7 MeV 7 MeV
142 146 150 154 158 42 46 50 54
•20
00
•005 X®
00
0-2
00
Figure IV.18. This figure shows the variation of x2 (as defined in
3equation (IV.6)) with changes in the real well depth of the He (V)
30 3 32and neutron (V^) optical model potentials for the Si( He,nQ) S 
reaction at 7.0, 9.0 and 11.0 MeV. The remarks in the caption to 
figure IV.17 apply here also.
1 00
a n g u l a r  d i s t r i b u t i o n ,  t h e  f i t  i s  poor .  T a b l e  I V . 11 a l s o  g i v e s  t h e
v a l u e  o f  t h e  volume i n t e g r a l  pe r  n u c l e o n - n u c l e o n  i n t e r a c t i o n ,  and
J , o f  t h e  r e a l  c e n t r a l  p o t e n t i a l s ,  t h e  mean s q u a r e  p o t e n t i a l  r a d i i  
J He
( r 2 )^ ,  and t h e  v a l u e  o f  X2 o f  t h e  f i t  (where  x2 i s  d e f i n e d  as  i n  
e q u a t i o n  ( I V . 3 ) ) .
Holmqvis t  [Ho 68] shows t h a t  f o r  n e u t r o n  e l a s t i c  s c a t t e r i n g
up t o  8 MeV ove r  a r a n g e  o f  n u c l e i ,  t h e  p a r a m e t e r  i n c r e a s e s  w i t h
N-Z 'd e c r e a s i n g  symmetry p a ra m e te r  ( a
J «  470 - (430 ± 40)  a
N
T h i s  work a l s o  i n d i c a t e s  t h a t  i n c r e a s e s  w i t h  d e c r e a s i n g  s c a t t e r i n g
mass,  A, and d e c r e a s i n g  n e u t r o n  e n e rg y .  S i m i l a r l y  i n  a number o f
p a p e r s ,  G r e e n le e s  e t  a l .  [Gr 67, Gr 70,  Gr 70a ,  Gr 71, Hn 71, Ma 72]
showed t h a t  f o r  p r o t o n  e l a s t i c  s c a t t e r i n g  from a r a n g e  o f  n u c l e i ,  t h e
volume i n t e g r a l  o f  t h e  p r o t o n  r e a l  c e n t r a l  p o t e n t i a l ,  J  , i n c r e a s e s  w i t h
P
d e c r e a s i n g  p r o t o n  e ne rgy .  A l though  was i n d e p e n d e n t  o f  s c a t t e r i n g  
mass a t  t h e  h i g h e r  e n e r g i e s  i n v e s t i g a t e d  (40 and 30 .3  MeV), i t  
e x h i b i t e d  a p ronounced ,  though  u n s y s t e m a t i c ,  mass dependence  a t  lower 
e n e r g i e s  (16 and 9 .8  MeV).
Because o f  t h e  l i m i t e d  r a n g e  o f  s c a t t e r i n g  masses  i n v o l v e d  i n  
t h e  p r e s e n t  e x p e r i m e n t s  i t  would be u n r e a l i s t i c  t o  examine f o r  mass 
dependence .  The n e u t r o n  en e rg y  r a n g e  i s  l a r g e  enough ( 1 1 .9  t o  2 3 .6  
MeV), however ,  t o  e x h i b i t  a g e n e r a l  d e c r e a s e  w i t h  en e rg y  as  o b s e r v e d  by 
Holmqvist  ( f i g u r e  I V . 1 9 ( a ) ) .
Urone e t  a l .  [Ur 71] and N a k a n i s h i  [Na 70] have i n v e s t i g a t e d
3
t h e  mass and en e rg y  dependence  r e s p e c t i v e l y  o f  He e l a s t i c  s c a t t e r i n g  
3
p o t e n t i a l s .  The He volume i n t e g r a l s  e x t r a c t e d  from t h e i r  work
3
d e c r e a s e  w i t h  b o th  i n c r e a s i n g  t a r g e t  mass and He e n e rg y ,  as  was found
10 12
472-0.323 E
12 13
Figure IV. 19. The dependence of the volume integral of the real well
3of the neutron (J^) and He (^3Ile) optical model potentials on
particle energy for reactions in the (2s-ld) shell is shown in
parts (A) and (B) respectively. Energies are given in MeV and
3volume integrals of potentials are given in MeV fm . The ordinate
3is offset from zero by 200 MeV fm for both parts.
for the equivalent neutron elastic scattering quantities. In the
3present work J was found to be independent of He energy (figure 
JHe
IV.19(b)).
Two limitations on the above results should be pointed out.
As was explained in section II.2.6, the folding procedure was originally 
obtained for elastic scattering data, and it is only through the valid­
ity of the Born approximation that this parameterization can be applied 
to direct reactions. It can readily be seen from formula (II.46b) that 
J is more sensitive to the geometrical ratia (a /r^) than to V. But 
since the potential geometry was kept constant throughout the analysis 
(although r^ is couplied to V through ambiguity (1) in section II.2.6),
the energy dependence of J or J can be regarded as indicative only.
N JHe
If r and a were also free parameters in the search, then J and J
V V He
would probably exhibit a decreasing dependence on particle energy.
A further consequence of the fixed potential geometry is that 
the mean square potential radius, (r2)^ , extracted from the O.M. para­
meters can only be regarded as defining an average mean square potential 
radius over the nuclei studied. The values of (r2)^  are smaller than 
those expected on the basis of equation (IV.4), but Cage et al. [Ca 72]
conclude that for He elastic scattering, the quantities J„ and (r2) ,
He ’ V
although well defined over a range of nuclei, do not have the same 
physical significance as for nucleon elastic scattering.
To compare the value of (r“)y from the neutron potentials in
table IV.11 with the value predicted by equation (11.46), we used the
1accurate root mean square charge radii, (r2)2^ arge> given by Backenstoss 
et al. [Ba 67a] derived from p.-mesonic spectra. Assuming that the mean
i i
square proton radius is 0.6 ± 0.2 fm~ and that (r2)2 - (r2)2 ~ 0.4 ± 0.2
fm [Gr 68] we obtain
102
(r2> ( ^ c h a r g e  “ °'6) + 0.4 fm (IV.7)
Using the following values [Ba 67a, Gr 68J
(r2>charge = 3*086 ± °*018 fm ‘ Si »
{r2 )\ = 3.244 ± 0.018 fm - S ,charge
(r2), = 2.25 fm2 (Yukawa interaction) ,d
we obtained for the mean square potential radii
(r2) = (r2) + (r2) = 13.72 ± 1.7 fm^ - Si ,V ' m / d
= 17.37 ± 2.2 fm2 - S ,
which values are to be compared with 14.401 fm~ for Si and 15.175 fm2 
32for S from table IV.11. The quantities (r2 )^ , (r2 )^  and (r2 )^  ^ave 
been defined in section II.2.6 and equation (III.8).
IV.4.5 SPECTROSCOPIC AMPLITUDES
Recently Towner [To 72] has calculated the amplitudes of the 
shell model wave functions forming the bound states of the two stripped 
protons coupled to the various target nuclei. These amplitudes were 
obtained by performing a least squares minimization of the differences
between predicted and known energy level schemes for the three final
28 31 32nuclei, Si, S, and S.
26 ,3 n28For the Mg( He,n ) Si reaction, effective interactions o
given by Wildenthal et al. [Wi 68] and Arima et al. [Ar 68] were used 
in the (28^^ * 1d^ ?) shell model space. However it may be unreason­
able to expect the latter effective interaction to be applicable to
mass A = 28, since it was obtained for masses A = 18-20.
Only the (2s ^ - 1 d ^ 9) shell model space was considered for
31 32the calculations on S and S. Three choices of effective inter­
action [G1 64, Gl 67], which have been published [Vi 71] for the
35 37 33 35 35 37 3 33 35’ Cl(p,t) ’ Cl and ’ Cl(p, He) ’ S reactions (G-b, MSDI-1 ,
and MSDI-2), were used in the calculations«
Figures IV.20 to IV.22 compare the predicted and experimental
level schemes for the various effective interactions. As expected, the
effective interaction of Arima et al. provides a worse description of 
2 8the Si level scheme than does the interaction of Wildenthal et al.
31 32None of the three effective interactions for S and S is obviously
7t +inferior, although the G-b interaction predicts the J = 1 , T = 0 
32level in S to occur at too high an excitation energy.
It is not possible to determine the sign of the 2 s w a v e  
function relative to the ld,.^ (or ld^/0) wave function from energy 
level fitting, but this ambiguity can be removed by analysing two 
nucleon transfer reactions which are sensitive to this relative phase. 
Unfortunately all three reactions studied here with good quality data 
are to the ground states and so involve bound state wave functions com­
prising mixtures of (2s)" and (Id)“ and no (2s-ld)2 shell model wave 
functions. Hence the ambiguity cannot be resolved in this study.
IThe normalized spectroscopic amplitudes,/)2, calculated by 
Towner for the three ground state reactions are listed in table IV.12.
There were no significant differences in the shapes of the
predicted angular distributions using the three sets of spectroscopic
29 3 31 3 0 3  32coefficients for the Si( He,n ) S and Si( He,n ) S reactions, aso o
expected from the results of section IV.4.3. The magnitudes of the
calculated cross sections were comparable (since the three sets of 
spectroscopic coefficients were so similar), but considerably larger
Excitation
Energy Expt Wildenthal Arima
(MeV)
Figure IV.20. This figure compares the experimental level scheme for 
28Si with the energy levels predicted by Towner [To 72] using the 
(2 s ^ 2  “ ^ 5/2  ^ sheH  model wave functions of Wildenthal [Wi 68] 
and Arima [Ar 68]. Only those experimental levels whose spins and 
parities are known unambiguously [En 67a, Gi 68] have been shown. 
Unless indicated otherwise the ground state isospin (T = 0) is 
assumed for each level.
Excitation
Energy Expt. G-b MSDI-I MSDI-2
(MeV)
F i g u r e  I V . 21. The e x p e r i m e n t a l  l e v e l  scheme f o r  S i s  compared w i t h  
t h a t  p r e d i c t e d  by Towner [To 72] u s i n g  t h e  (2s^ - 1dQ^ )
model  wave f u n c t i o n s  o f  Glaudemans e t  a l .  [Gl 64,  Gl 67 ] .  Only 
t h o s e  e x p e r i m e n t a l  l e v e l s  whose s p i n s  and p a r i t i e s  a r e  known 
unam biguous ly  [En 67a ,  Mo 70, Wi 71,  Bh 72] have  been  shown. 
U n le s s  i n d i c a t e d  o t h e r w i s e  t h e  ground s t a t e  i s o s p i n  (T = | )  i s  
assumed f o r  each  l e v e l .
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F i g u r e  I V . 22.  The e x p e r i m e n t a l  l e v e l  scheme f o r  S i s  compared w i t h  
t h a t  p r e d i c t e d  by Towner [To 72] u s i n g  t h e  ( 2 3 ^ ^  “ ^ 3 / 2  ^ s h e l l  
model wave f u n c t i o n s  o f  Glaudemans e t  a l .  [Gl 64, Gl 6 7 ] .  Only 
t h o s e  e x p e r i m e n t a l  l e v e l s  whose s p i n s  and p a r i t i e s  a r e  known 
unambiguous ly  [En 67a ,  Wi 71,  Mo 72] have been  shown. U n les s  
i n d i c a t e d  o t h e r w i s e  t h e  ground s t a t e  i s o s p i n  (T = 0)  i s  assumed f o r  
each  l e v e l .
TABLE IV. 12
Normalized spectroscopic coefficients from Towner [To 72]
L = 0
Reaction EffectiveInteraction r o 1/2>2 f  (d5/2)2 (d3/2)2
26 .3 x28 .Mg( He,n ) Si o Wildenthal et al. [Wi 68] -0.459 -0.889
Arima et al. 
[Ar 68] -0.243 -0.970
29Q.,3 \ 3 1 qSi ( He,n ) S o G-b [G1 64] -0.882 -0.471
MSDI-1 [G1 67] -0.914 -0.405
MSDI-2 [Gl 67] +0.841 +0.540
30C.,3U n32Si( He,n ) S o G-b [Gl 64] +0.863 +0.505
MSDI-1 [Gl 67] -0.890 -0.455
MSDI-2 [Gl 67] +0.806 +0.593
than the absolute cross sections obtained with the simple (2s
bound state used in the O.M. calculations (section IV.4.4.2). If the
3experimental data were available for the ( He,n) reactions to the
excited states of these two final nuclei, it might be possible to
choose between the effective interactions. In this way Towner has
chosen between two sets of spectroscopic coefficients involving a sign
28 30change for the Si(t,p) Si reaction [To 69].
26 3 28On the other hand it was possible for the Mg( He,nQ ) Si
reaction to reject the spectroscopic coefficients derived from the
effective interaction of Arima in favour of those due to Wildenthal, on
28the basis of the predicted Si energy level scheme. In the subsequent 
calculations only the effective interaction from Wildenthal was used.
In those cases where the angular distribution shapes, 
calculated using these spectroscopic coefficients, differed from those
105
obtained in section IV.4.4.2, they have been included in figures IV.9- 
IV. 14. Such differences could be easily accounted for by small changes 
in the parameter sets given in table IV.9.
IV.4.6 NORMALIZATION
Inadequacies in the DWBA description of two particle transfer
reactions prevent the accurate prediction of absolute cross sections.
However,if an arbitrary normalization constant was available, com-
3parisons could be made between theory and experiment for many ( He,n) 
reactions, but until recently no normalization constant had been 
published.
Kunz [Ku 71] gives the absolute cross section (in mb/sr) as
der
dco d * 3-3/2 |ctl*
2J +1
(2J.+1 )(2j+l ) DW (IV.8)
where d 2 is a constant obtained from the zero range approximation, o
IC 12 is the isospin Clebsch-Gordan coefficient, J^, J^, j are the 
final, initial and transferred total angular momenta respectively, and
cr is the output of DWUCK. DW
DWTable IV. 13 lists- the values of cr_„, ( ~ ) , and the
~| _  |o  2 J f + l
ratio, Kq, of |Ct |2 (2j^+1 )(2j+1 ) aDW
various possible two nucleon wave functions. The ^B(^He,n ) ^ N  reac-
c /EXP
, using the
c /EXP
tion has not been included in this table since the two nucleon wave
function was unknown for this reaction. Even with the unique choice of
26 3 28two nucleon wave function, the values of K from the Mg( He,n ) Sio o
reaction vary considerably, due to the structure in the excitation
function. With the exception of the 6 MeV angular distribution in the 
26 3 28Mg( He,nQ) Si reaction, all the values of were averaged to give
449 ± 39 ,
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where the error arises from the uncertainties in the experimental cross
sections. Because there was no way to choose between the different two
29 3 31 30 3 32nucleon wave functions used for the Si( He,n )~ S and S( He,n ) "So o
reactions all were included in the averaging procedure.
An equivalent procedure was adopted by Georgopolus et al.
[Ge 72] who obtained a similar average value (K = 348) from the 
13 3 15analysis of the C( He,n) 0 reaction, also using the program DWUCK. 
The poor agreement he obtains with the strengths of the excited state 
interactions may indicate the inappropriateness of the bound state wave 
function used, and thus the accuracy of his value of is in doubt.
For two nucleon transfer reactions Kunz [Ku 71] gives
r -p2ß2 -p2/3A22Vq / e m f e dp (IV.9)
„ 3/2 2ir V 3A23A2ß2 + 1
3/2
(IV.9a)
(section II.2.5) for the finite range correction to be employed in
DWUCK. Here both the nucleon-nucleon force (strength V , and inverse 
3range ß) and the He wave function (range A) are of Gaussian shape. 
Using the values
V = -33.13 MeV [Gr 68] ,o
ß2 = 0.46 fm“2
A = 1.97 fm
4 2 6we obtain d 2 = 83 X 10 MeV fm .o
C 2 of Towner and Hardy [To 69] by
[Gr 68] ,
[G1 65a] ,
The quantity, d^2, Is related to 
4 2 3= 78.2 X 10 MeV fm .
Absolute cross sections should be given by equation (IV.8), but in
1 08
practice an additional normalization constant, N , is required to
predict the absolute experimental cross sections. Table IV.13 lists
the values of N obtained (with this particular calculation of d 2) o o
from the reactions studied in this work, with an average value of
N = 28.1 ± 1.8. o
The (t,p) reaction, involving a two neutron transfer, should
3require a similar normalization constant to that for the ( He,n) reac­
tion. Broglia et al. [Br 72], assuming the ZRA to be valid for double­
stripping reactions, obtain a (t,p) finite range correction factor
Do e
rJ <t>t(p) dp > (IV.10)
where € is the triton binding energy, and the triton wave function, 
<t>t(p), is of Gaussian form. Employing the value, e = 8.482 MeV, they 
obtain
D 2 = 1.24 X 104 MeV2 fm3 ,o
and a consequent average normalization factor, = 32. This value of
3N is similar to that obtained for the ( He,n) reaction in the present o
work.
IV.5 CONCLUSIONS
3
Of the five ( He,n) reactions investigated in this work,only
1 1 3  13the B( He,nQ) N reaction has been previously studied; good
agreement was reached with the excitation function and 5.2 MeV angular
distribution of Din and Weil [Di 66]. Although a similar shape was
obtained for the 6.5 MeV angular distribution to that given by Honsaker
et al. [Ho 69], the absolute cross sections differed by a factor of two.
1 1 3 1 3 29 3 31 30 3 32The B( He,n ) N, Si( He,n ) S and Si( He,n ) S o o o
excitation functions were relatively structureless, but the
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26 3 ogMg( He,n ) Si excitation function exhibited peaks which may be due
1 1 3  13to ’intermediate structure'. The ‘B( He,nQ) N reaction proceeds via 
both the direct and compound nucleus processes, whilst the three 
reactions in the (2s-ld) shell appear to be predominantly due to the 
direct process.
1 1 3  13Reasonable agreement was reached between the B( He,n ) No
experimental and theoretical angular distributions by employing an
incoherent mixture of Hauser-Feshbach and DWBA cross sections. The
3reduction factors thus obtained, decreased with increasing He energy.
3If the volume integral for He optical model potentials has
any significance at low scattering masses, then the large values of
11 3J obtained in this work for the B + He channel indicate that the 
^He 3
potential is not a member of the family usually employed for He inter­
actions. Holmqvist [Ho 68] shows that at low energies the volume 
integral of the real central part of the neutron O.M. potential, J^ , 
increases with decreasing target mass. Indirectly Simbel and Abul-Magd 
[Si 71 ] illustrate the same trend at a higher energy, by showing that 
is equal to the volume integral per nucleon-nucleon interaction for the
deuteron O.M. potential, which increases for light targets (J^ ~ 450 MeV 
3fm at E, = 52 MeV). In addition Greenlees et al. [Gr 71, Ma 72, Py 69] d
have shown that Jp (or J^) also increases with decreasing particle
energy, so that the values of J obtained in this work (J„ = 525 and 07 N N
3630 MeV fm ) are in the expected range of values. The mean square
1 3matter radius obtained from applying equation (11.46) to the neutron- N 
O.M. geometry (6.11 fm1 2) is somewhat larger than the value obtained 
experimentally (5.38 ± 0.28 fm2) by Wilkinson and Mafethe [Wi 66].
A method was obtained for analysing double-stripping reactions 
where the spectroscopic coefficients are unknown. It was found that,
for the reactions in the (2s-ld) shell, the angular distribution shapes 
were reasonably independent of the prescription used for the bound 
state wave function. This enabled the 'best fit' optical model 
potential parameters to be obtained assuming a simple bound state con­
figuration. When spectroscopic amplitudes became available, only minor 
variations in the potential parameters were needed to obtain fits 
equivalent to those using the simple bound state wave functions.
In general, it was necessary to vary only the depths of the
3He particle and neutron potentials to obtain the 'best fit' optical 
model parameters for the reactions in the (2s-1d) shell, although in 
some cases other parameters were altered. The volume integral of the 
neutron optical model potential decreased with increasing particle 
energy as had been observed in nucleon elastic scattering experiments. 
The mean square matter radii extracted from the neutron potentials, 
were similar to those obtained from p.-mesonic spectra, and it is prob­
able that both this quantity and the volume integral of the neutron
potential do possess physical significance at these low masses. The
3mean square radii of the He potentials used in the present work,
although not as closely related to physical quantities as are the mean
square radii of nucleon potentials, were similar to the values obtained
3by folding the nucleon-nucleon interaction into the He and appropriate 
nuclear matter distributions.
No significant difference could be ascertained between the
29 3 31three sets of spectroscopic coefficients used for the Si( He,n ) So
30 3 32 26 3 28and Si( He,nQ) S reactions. For the Mg( He,nQ) Si reaction the
spectroscopic coefficients based on the effective interaction of Wilden­
thal were superior to those due to the effective interaction of Arima.
Using these various spectroscopic coefficients a value was 
obtained for the constant required to normalize theoretical to
111
experimental ( He,n) cross sections. Quite similar values have been
3recently reported for the ( He,n) and (t,p) reactions. In addition a 
p , 3value of d , the ( He,n) finite range correction factor, was 
calculated for the program DWUCK, using the approximation given by Kunz 
[Ku 71].
1 1 2
CHAPTER V
SUMMARY AND SUGGESTIONS
This chapter summarizes the conclusions drawn from the 
12 13C(d,nQ) N reaction and the double-stripping reactions described in 
chapters III and IV respectively, and provides suggestions for further 
experiments.
12 13The C(d,n 1 N excitation function exhibits structure o
between 3.6 and 12.0 MeV incident energy similar to the pronounced
structure observed in the (d,p^) excitation function in the same energy
region. Estimates of the mean level width to spacing ratio (T/D) in 
1 4N indicate that the structure arises from overlapping compound 
nucleus resonances, and the angular distribution shapes also suggest 
that the reaction proceeds principally through the direct reaction 
process with a small but significant compound nucleus process contribu­
tion. For lack of a more appropriate description of the resonance 
processes, a statistical compound nucleus amplitude was incoherently 
added to the direct reaction amplitude in the analysis of the 8 MeV 
energy-averaged angular distribution. When a better understanding is 
achieved of the compound nucleus mechanism in regions of sparsely over­
lapping levels, it should be possible to provide a more realistic des-
12 13cription of the compound nucleus contribution to the C(d,n^) N 
reaction.
As had been found for many previous analyses of the
1 2 1 3  1 2 1 3C(d,p) C reaction (see [Pe 69] for references) and the C(d,n) N
reaction [Ga. 70, Me 66, Ho 67b], the direct reaction characteristics of 
the angular distributions were not properly accounted for using a con­
ventional DWBA approach. An improvement was obtained in the fit to the
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d a t a  by c a l c u l a t i n g  b o t h  d e u t e r o n  and  n e u t r o n  o p t i c a l  model  p o t e n t i a l s
u s i n g  t h e  f o l d i n g  p r o c e d u r e  o f  G r e e n l e e s  e t  a h  [Gr 68]  w h ich  had  bee n
p r o p o s e d  f o r  t h e  e l a s t i c  s c a t t e r i n g  o f  n u c l e o n s  f r om  medium t o  h ea v y
n u c l e i .  S u c c e s s f u l  t h e o r e t i c a l  [S i  71] and e x p e r i m e n t a l  [Ro 7 1 a ]
e x t e n s i o n s  o f  t h e  p r o c e d u r e  t o  d e u t e r o n s  l e n t  c r e d e n c e  t o  i t s  a d o p t i o n
i n  t h e  p r e s e n t  w ork ,  a l t h o u g h  t h e  a p p l i c a t i o n  o f  t h e  p r o c e d u r e  t o  l i g h t
n u c l e i  was u n p r o v e n .  To e s t a b l i s h  t h e  im p ro v em en t  o b t a i n e d  h e r e  as
b e i n g  more t h a n  f o r t u i t o u s  w o u ld  r e q u i r e  a n a l y s e s  o f  d e u t e r o n  e l a s t i c
s c a t t e r i n g  o v e r  a r a n g e  o f  e n e r g i e s  f r om  o t h e r  l i g h t  n u c l e i  more t r a c t -  
1 2a b l e  t h a n  C. An i n d i c a t i o n  o f  t h e  v a l i d i t y  o f  a p p l y i n g  t h e  f o l d i n g  
p r o c e d u r e  t o  l i g h t  n u c l e i  l i e s  i n  t h e  smooth  d e c r e a s e  i n  t h e  vo lum e  
i n t e g r a l  o f  t h e  d e u t e r o n  r e a l  c e n t r a l  p o t e n t i a l  w i t h  i n c r e a s i n g  t a r g e t  
mass [Hi 68,  Ne 6 7 ] .
F o l d i n g  a n a l y s e s ,  s i m i l a r  t o  t h o s e  u s e d  f o r  p r o t o n  s c a t t e r i n g  
by G r e e n l e e s  e t  a l . ,  n e e d  t o  b e  u n d e r t a k e n  t o  i n v e s t i g a t e  t h e  v a l i d i t y  
o f  a p p l y i n g  t h e  r e f o r m u l a t e d  o p t i c a l  model  t o  n e u t r o n  s c a t t e r i n g  f rom 
l i g h t  n u c l e i .  H o l m q v i s t  [Ho 68]  h a s  a l r e a d y  employed  a f o l d i n g  
p r o c e d u r e  t o  low e n e r g y  n e u t r o n  s c a t t e r i n g  by e l e m e n t s  f r o m  a l u m i n iu m  
t o  b i s m u t h  and P y l e  and G r e e n l e e s  [Py 69]  h a v e  shown t h a t  t h e  r e f o r ­
m u l a t e d  o p t i c a l  model  g i v e s  good r e s u l t s  f o r  1 4 . 5  MeV n e u t r o n  s c a t t e r ­
i n g  f r o m  a  l i m i t e d  r a n g e  o f  medium and h e a v y  e l e m e n t s .  I n  s u p p o r t  o f
a p p l y i n g  t h e  r e f o r m u l a t e d  o p t i c a l  model  t o  l i g h t  n u c l e i ,  i t  s h o u l d  be
12 13n o t e d  t h a t  i n  t h e  C ( d , n Q) N e x p e r i m e n t  d e s c r i b e d  i n  c h a p t e r  I I I ,  u s e  
o f  t h e  mean s q u a r e  m a t t e r  r a d i i  g i v e n  by W i l k i n s o n  [Wi 66]  t o  o b t a i n  
n e u t r o n  O.M. p o t e n t i a l s  l e a d s  t o  r e a s o n a b l e  f i t s  t o  t h e  d a t a .
Q u i t e  a p a r t  f rom t h e  s p e c i f i c a t i o n  o f  t h e  O.M. p o t e n t i a l s ,
t h e r e  i s  d o u b t  a s  t o  t h e  v a l i d i t y  o f  t h e  DWBA method  f o r  a n a l y s i n g
d e u t e r o n  s t r i p p i n g  on l i g h t  n u c l e i .  P e a r s o n  and W i l c o t t  [Pe 69]  c l a i m
12 13t o  p r o v i d e  a more  a c c u r a t e  d e s c r i p t i o n  o f  t h e  C ( d , p )  C r e a c t i o n
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u s i n g  t h e  w e a k l y  bound p r o j e c t i l e  (WBP) model  o f  t h e  d i r e c t  r e a c t i o n  
p r o c e s s  w i t h  o n l y  a s m a l l  i s o t r o p i c  compound n u c l e u s  b a c k g r o u n d .  They 
c l a i m  t h a t  no r e s o n a n c e  c o n t r i b u t i o n  was n e e d e d .  T h i s  r e s u l t  i s  s u r ­
p r i s i n g ,  i n  s p i t e  o f  t h e  e x c e l l e n t  a g r e e m e n t  t o  b o t h  c r o s s  s e c t i o n  and
p o l a r i z a t i o n  d a t a  a c h i e v e d  u s i n g  t h e  WBP m o d e l ,  c o n s i d e r i n g  t h e  s m a l l
1 4v a l u e  o f  T/D a t  t h e  e n e r g i e s  e x c i t e d  i n  N and i t s  p r o b a b l e  m a n i f e s t a ­
t i o n  a s  r e s o n a n c e s  i n  t h e  e x c i t a t i o n  f u n c t i o n .  I n  any c a s e  t h e  WBP 
model  o f  t h e  d i r e c t  r e a c t i o n  p r o c e s s  i s  p r o b a b l y  more r e a l i s t i c  t h a n  
t h e  c o n v e n t i o n a l  DWBA p r o c e d u r e  f o r  s u c h  r e a c t i o n s .  I t  w o u ld  be 
i n s t r u c t i v e  t o  r e - a n a l y s e  t h e  p r e s e n t  d a t a  u s i n g  t h e  WBP model  ( o r  t h e  
s i m i l a r  model  o f  J o h n s o n  and S o p e r  [Jo  7 0 ] )  w i t h  t h e  o p t i c a l  model  
p o t e n t i a l s  d e r i v e d  f rom t h e  r e f o r m u l a t e d  o p t i c a l  mode l .
S p e c t r o s c o p i c  f a c t o r s  e x t r a c t e d  f r om  t h e  p r e d i c t e d  a n g u l a r  
d i s t r i b u t i o n s  a r e  i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  v a l u e
= 0 .61 [Co 6 7 ] .  I t  was c o n c l u d e d  t h a t  t h e  s p e c t r o s c o p i c  f a c t o r  c o u l d  
n o t  be a c c u r a t e l y  d e t e r m i n e d  f r om  t h e  p r e s e n t  a n a l y s i s  p r i n c i p a l l y  
b e c a u s e  o f  t h e  r e s o n a n c e  p r o c e s s e s  o c c u r r i n g .
Of t h e  f o u r  d o u b l e - s t r i p p i n g  r e a c t i o n s  s t u d i e d ,  o n l y  t h e
2 6 3 2 8  oMg( H e ,n Q) S i  r e a c t i o n  showed p r o m i n e n t  s t r u c t u r e  i n  t h e  0 e x c i t a ­
t i o n  f u n c t i o n .  C a l c u l a t i o n s  o f  mean l e v e l  w i d t h  t o  s p a c i n g  r a t i o s
1 1 3  13showed t h a t  o n l y  t h e  B( H e ,n o ) N r e a c t i o n  was l i k e l y  t o  e x h i b i t  t h e
e f f e c t s  o f  i n d i v i d u a l  l e v e l s  i n  t h e  compound n u c l e u s .  From t h e  w i d t h
26 3 28
and s p a c i n g  o f  t h e  p e a k s  i n  t h e  Mg( H e , n Q) S i  e x c i t a t i o n  f u n c t i o n  i t  
was c o n c l u d e d  t h a t  some p r o c e s s  i n t e r m e d i a t e  b e t w e e n  d i r e c t  r e a c t i o n  
and compound n u c l e u s  p r o c e s s e s  c o n t r i b u t e d  t o  t h e  r e a c t i o n  mechan i sm.
From t h e  r e s u l t s  o f  s e v e r a l  a n a l y s e s  P a r k s  e t  a l .  [Pa 68,
Pa 6 8 a ,  Pa 69]  c o n c l u d e d  t h a t  t h e  o p t i c a l  model  d o e s  p r o v i d e  a v a l i d  
3
d e s c r i p t i o n  o f  He e l a s t i c  s c a t t e r i n g  f r om  v e r y  l i g h t  n u c l e i .  I n  t h e
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present direct, reacLion analysis, the optical model parameters used
1 1 3  3 11were those obtained by these authors for the B( He, He) B reaction.
1 1 3  13The B( He,n ) N reaction angular distributions were reasonably well
accounted for with a mixture of DWBA and Hauser-Feshbach theories with
the latter employing reduction factors ranging from 0.22 at 5.2 MeV to
0.10 at 12.0 MeV incident energy. Because of the comparable sizes of 
3 1 1the He and B nuclei and the relatively loosely bound structure of 
3the He particle a WBP approach, similar to that formulated for 
deuterons incident on light nuclei, would probably provide a better 
description of the incident channel.
Unlike neutron scattering [Ho 68, Py 69], there has been no
3demonstration that the reformulated optical model is applicable to He
particles incident on light nuclei and so, with a WBP analysis, it
3would be best to employ the He parameters used in the present work.
12 13Again, as for the C(d,n) N reaction, it would be instructive to 
employ neutron potentials obtained from a folding procedure.
Since spectroscopic coefficients were not available for the
1 1 3  13B( He,n ) N reaction, the form of the bound state wave function was o
unknown. In the analysis two-particle fractional parentage coef­
ficients [Co 70] were used as representative of the spectroscopic 
coefficients. Earlier calculations had shown that the angular dis­
tribution shapes (unlike the magnitudes) were not very sensitive to the 
choice of spectroscopic coefficients. Consequently, results dependent 
on the magnitudes of the predicted angular distributions were not 
extracted from the analysis.
26 3 28The Mg( He,n^) Si* angular distributions appear to peak at 
0°, in contrast to the predicted angle of ~ 40° since only an ü = 2 
transition is allowed by the angular momentum selection rules. If more 
accurate forward angle data confirm this 0° peak, then it is possible
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that the reaction proceeds via a two step direct reaction process such
26 3 27as the independent transfer of the two protons - Mg( He,d) A1
( d , n i )28si*.
The direct reaction angular distribution shapes for the ground
1 1 3  13state reactions in the (2s-ld) shell, like those for the B( He,n ) No
reaction, were fairly insensitive to the structure of the bound state 
wave function. Thus the determination of optical potentials was 
carried out with simple single-particle bound states. Satisfactory
agreement was obtained between the experimental and theoretical angular
2 9 3  31 2 6 3  28distributions for the Si( He,n ) S and four of the Mg( He,n ) Sio o
30 3 32reaction angular distributions, but the Si( HejU^) S reaction at
rs r o  Q  Q
11.0 and 9.0 MeV and the 11.5 MeV Mg( He,n^) Si reaction were not
well described. The predicted first minimum at ~ 45° was considerably
deeper than that found experimentally. Scherk and Falk [Sc 72] suggest
3that this difficulty results from using a He optical potential (charac­
terized by r^ ~ 1.15 fm) which has been obtained from the attempted 
description of a many-body problem with a one-body theory. The correc­
tions they propose could be applied to the three reactions in the 
(2s-ld) shell studied here when the method is better established. Bet­
ter agreement was achieved between the theoretical and experimental 
30 3 32Si( He,nQ) S angular distributions at 7.0 MeV when a compound 
nucleus component was added to the direct reaction cross section.
The volume integral and the mean square matter radius (r2)^
of the neutron potential probably have physical significance at A ~ 30,
3but it is not clear that such a parameterization for the He potential
has a similar significance. However, Cage et al. [Ca 72] have shown
that for the He potential, J3 and (r2) are well-defined parametersHe V
for labelling different families of potentials. The volume integral of 
the neutron potential used in the present analysis decreased with
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increasing particle energy as has been found in a number of generalized 
optical model potentials for various particles [Ho 66a, Ho 67, Ho 68a]. 
Also the mean square potential radii for neutron scattering from Si 
and S imply mean square charge radii, 10.1 and 10.8 fm2 respectively, 
close to the values obtained from p-mesonic spectra [Ba 67a].
Towner [To 72] has calculated ( He,n) spectroscopic coef­
ficients using two choices of effective interaction for the
2 6 3 2 8  2 9 3 3 1Mg( He,n) Si reaction and three choices for the Si( He,n) S and
30 3 32Si( He,n) S reactions. Because a time-of-flight neutron detection 
system was not available to enable the absolute cross sections to 
excited states to be obtained, it was not possible to choose between 
these different sets of coefficients. By substituting the calculated 
(2s-ld) wave functions for the simple bound states assumed previously, 
it was possible to obtain absolute theoretical cross sections.
The normalization constant, N^, required to predict absolute 
3experimental ( He,n) cross sections was obtained by comparing experi-
26 3 28mental and theoretical absolute cross sections for the Mg( He,n ) Si,o
29 3 31 30 3 32Si( He,nQ) S and Si( He,nQ) S reactions at ten energies. The usual
finite range constant d^2 was included in the normalization. The
result (Nq = 28.6 ± 1.8) was shown to be in good agreement with the
results of the normalization procedure of Georgopolus et al. [Ge 72] for 
13 3 15the C( He,n^) 0 reaction and Broglia et al. [Br 72] for the 
theoretically similar (t,p) reaction on a range of nuclei.
To determine N more reliably, a survey should be conducted o
3of the ( He,n) reaction to the ground and excited states of a range of
0 208targets with closed shells (e.g. Ca, nickel and tin isotopes, Pb) 
to facilitate the calculation of the spectrosopic amplitudes. To 
assist comparison between the results from different reactions,
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consistent optical model and bound state parameters (e.g. obtained from 
a GPT-type folding procedure) should be used in the analyses.
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APPENDIX A
NEUTRON DETECTION USING A STILBENE CRYSTAL
This appendix describes neutron detection using a trans- 
stilbene crystal (C and estimates the magnitudes of the
approximations involved in the analysis. These estimations are based 
on formulae given by Swartz and Owen$ [Sw 60] and derived by Swartz et 
al. [Sw 57].
Being neutral, neutrons cannot lose energy in detectors via 
the Coulomb force, but can be detected by using a nuclear reaction to 
produce ionizing particles. Neutron-proton elastic scattering has a 
large cross section and hence suitable scintillating materials contain­
ing a large proportion of hydrogen are used as detectors. In a 
collision in such a crystal, a neutron can transfer part or all of its 
kinetic energy to a proton.
In many materials (e.g. anthracene, stilbene, some plastics 
and liquids) the recoil protons excite atomic and molecular states 
producing light emission which can be detected and amplified by a 
photomultiplier tube. In striking the target and surrounding materials 
the incident beam produces numerous y-rays which impart energy to 
electrons in the crystal. These electrons also cause light emission.
The basis for pulse-shape discrimination of recoil protons 
and electrons is the difference in the relative magnitudes of the slow 
and fast decaying components in the light pulse. Three major slow 
decay components can be identified in the pulse and, for a particular 
scintillator, their decay time constants seem nearly independent of the 
particle incident on the crystal. The origin of the slow components
1 20
and the dependence of their relative magnitudes on the mass of the 
incident particle are not well understood [Ow 62].
Table A.1 lists the rise times, the three decay times, and 
the relative magnitudes of the light pulses for three common neutron 
detectors. A requirement for obtaining good statistics, and hence good 
time and energy resolution, is that the light output per recoil proton 
be as large as possible. Because of this factor and its fast rise 
time, stilbene was chosen as the neutron detector in the present work. 
Also Miller [Mi 68], using a circuit similar to that described in 
section III.2.3, showed that stilbene distinguishes between neutrons 
and y-rays more efficiently than either anthracene or NE213.
Table A.1 (taken from [Ku 68])
Characteristics of common neutron detectors
Detector Rise time (nsec)
Decay times 
(nsec)
No. of
photoelectrons 
per keV 
energy loss
Ti T2 t3 t4 P
Stilbene 0.1 4. 05 33 270 2.3
NE213 1 .66 3.16 32.3 270 1 .7
NE218 1 .76 3.58 36.5 28.8 2.0
In a simple picture, a neutron entering the detector (assumed 
to be a cylindrical stilbene crystal) undergoes, at most, a single 
scattering event from either a hydrogen or carbon atom. The neutron 
has equal probability of imparting any energy up to its total kinetic 
energy, E^, to the proton if the (n-p) scattering cross section is 
isotropic (this is true to at least 15 MeV [Ga 63]). Thus the recoil 
proton energy spectrum is of rectangular shape up to energy Eq. The
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probability of the neutron being scattered from a proton is given by:
P
1
nH°H
a (1
-aLe ) (A. 1 )
where a = nucru +  n o ,  n , o„, n , <j are defined in section III. 3.4, rln C C  ri rl C C
and L is the neutron path length in the crystal.
The principal corrections to this simple picture are now
discussed.
(a) Nonlinear Crystal Response
The light output from charged particles in stilbene is 
nonlinear with energy. Birks [Bi 51] gives
( (A.2)
for the fast component of the crystal response to charged particles, 
dEwhere ~  is the stopping power, S is the light output, A is a constant
~2dependent on the crystal, and B is another constant (~ 0.01 mg/cm 
keV 1 for protons in stilbene).
For recoil electrons, B —  is usually negligible so that the 
light output is nearly linear with y-ray energy. Thus a 6 MeV electron 
produces a light pulse of comparable integrated intensity (but dif­
ferent shape) to about an 11 MeV recoil proton, leading to considerable 
background in a neutron spectrum from such low energy y-rays.
The distortion in the spectrum of recoil protons of a few MeV 
dEfrom the higher value of B —  is accounted for in the method of 
analysis. A simple relationship exists between the number of recoil 
protons N(E) with energy E and the number of light pulses N(P) of 
amplitude P
N(E) (A.3)
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Hence the light response of the stilbene crystal to recoil protons 
(shown as curve A1 in figure A.1) is the integral of the observed 
energy spectrum of these recoil protons (shown as curve B1). For 
example, point Q represents the area under curve B1 from channel zero 
to channel a. But P = Q and so this area is the same as the area under 
curve B2 from E = 0 to E = E^ . Curve B2 is the energy spectrum result­
ing from a linear response function (curve A2).
In the present analysis such a linear response function was 
fitted to the nearly flat portion of the true response function and the 
total area under curve B2, equal to the total area under curve B1, was 
obtained.
(b) Collection Statistics
For monoenergetic protons in a stilbene crystal, the observed
Genergy spectrum is of gaussian shape arising from statistical effects 
in both the light emission process and in the subsequent light collec­
tion in the photomultiplier tube. When the Gaussian distribution is 
folded into the recoil proton distribution, a Gaussian tail is obtained 
on the energy spectrum.
(c) Multiple Scattering
If the crystal is large enough a neutron may be doubly scat­
tered. If the first scattering is from a carbon atom, the correction 
to the probability given in equation (A.1) is
nH°H nC°C f ”aCLC.M -aL
a ~ a' (1 ' 6  )(1 • 6  } ’
(A.4)
where 'a 1 and 1L ' are the terms, for the scattered neutron,
equivalent to 'a' and * L' in equation (A.1). The mean energy of the
neutron scattered from a carbon atom is 0.85 E [Sw 57], but the valueo
of L, is difficult to determine.
(A)
R
Figure A.1. This diagram shows in part (A) the true (A1) and assumed
(A2) response of a stilbene crystal to recoil protons, and in part
(B) the recoil proton spectra, B1 and B2 respectively. Since the
curves in part (A) are the integrals of those in part (B) the areas
from E = 0 to E = E. and from channel (CH) zero to CH = a are P P 1
equal (as are the shaded areas). In the analysis, the dotted area 
is calculated and multiplied by E^/(E^ - Eß) to obtain the 
rectangular area from E^ = 0 to E^ = E^, equivalent to the true 
area under curve B1 from CH = 0 to CH = ß (see text).
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For  16 MeV n e u t r o n s  i n c i d e n t  on t h e  c r y s t a l  u s e d  i n  t h e  
p r e s e n t  work
A ~  1 . 9 $ ,
a s s u m i n g  L = 3 . 5  cm and = 3 . 0  cm, b o t h  o f  w h i c h  a r e  p r o b a b l y  
u n d e r e s t i m a t e s .
For  4 MeV i n c i d e n t  n e u t r o n s
A «  1 . 3 $ ,
a s s u m i n g  L = 1 . 4  cm and = 1 . 2  cm, b o t h  o f  w h ic h  a r e  a g a i n  
u n d e r e s t i m a t e s .
I f  t h e  f i r s t  s c a t t e r i n g  o f  t h e  n e u t r o n  i s  f rom  a h y d r o g e n  
a to m ,  b o t h  l i g h t  p u l s e s  w i l l  be  p r o d u c e d  a l m o s t  s i m u l t a n e o u s l y  
(~  3 X 10 ^  s e c s  a p a r t  f o r  a 10 MeV n e u t r o n )  so t h a t  t h e y  a p p e a r  a s  a 
s i n g l e  p u l s e .  Hence t h e  l i g h t  o u t p u t  s p e c t r u m  becomes p e a k e d  a t  t h e  
h i g h  e n e r g y  end .  The number  o f  s u c h  d o u b l y  s c a t t e r e d  n e u t r o n s  i s  
a p p r o x i m a t e l y  g i v e n  by
N «  2N1 P1 (E q , L 1 ) , (A. 5)
w h e r e  and a r e  t h e  number  and e f f i c i e n c y  f o r  s i n g l e  s c a t t e r i n g  by 
h y d r o g e n .  U s in g  t h e  p r e v i o u s  v a l u e s  o f  we f i n d  t h a t ,  f o r  t h e  
s t i l b e n e  c r y s t a l  u s e d ,
N ~  1 . 2 $ (16 MeV n e u t r o n s )  ,
N ~  2 . 1 $ ( 4 MeV n e u t r o n s )  .
Hence w i t h  t h e  s t i l b e n e  c r y s t a l  u s e d  i n  t h e  p r e s e n t  w o rk ,  t h e  
e f f e c t  o f  d o u b l e  s c a t t e r i n g  ca n  be  n e g l e c t e d .
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( d )  Edge E f f e c t s
S w a r t z  and Owenfc [Sw 60]  e s t i m a t e  t h e  f r a c t i o n  o f  r e c o i l  
p r o t o n s  w i t h  e n e r g y  b e t w e e n  E and E + dE l o s t  f rom  t h e  end o f  t h e  
c r y s t a l  a s
AN
Ni
2 7
5 " 5
5 /2
( A . 6)
w h e r e  N i s  t h e  u n c o r r e c t e d  number  o f  r e c o i l  p r o t o n s ,  and (R / L )  i s  t h e  
1 o
r a t i o  o f  p r o t o n  r a n g e  i n  s t i l b e n e  t o  c r y s t a l  l e n g t h .  U s in g  t h e  t a b l e  
o f  p r o t o n  r a n g e s  i n  r e f e r e n c e  [Sw 60]  we o b t a i n  f o r  a maximum e n e r g y  
t r a n s f e r  t o  t h e  p r o t o n
AN
—  = 9 . 5 $  f o r  E
an d
1
^  = 0-8% f o r  E
' o
16 MeV ,
4 MeV .
Where  t h i s  c o r r e c t i o n  f a c t o r  i s  l a r g e  (>  5%) i t  h a s  b e e n  i n c o r p o r a t e d  
i n  t h e  d a t a  a n a l y s i s .
I t  was e x p e c t e d  t h a t  l o s s  o f  r e c o i l  p r o t o n s  f r om  t h e  s i d e s  o f  
t h e  c r y s t a l  w ou ld  be  n e g l i g i b l e ,  s i n c e  t h e  c r y s t a l  i s  2 . 5  cm i n  
d i a m e t e r  a n d ,  g e n e r a l l y ,  any r e c o i l  p r o t o n  t r a v e l l i n g  t o w a r d s  t h e  s i d e s  
o f  t h e  c r y s t a l  w o u ld  h a v e  s m a l l  e n e r g y  ( a n d  h e n c e  r a n g e ) .  An e s t i m a t e  
o f  t h e  f r a c t i o n  e s c a p i n g  f rom t h e  s i d e s  o f  a c r y s t a l  o f  d i a m e t e r  D i s  
g i v e n  by
Ti ~ °-2 ( ! t )  0 1-8*
~  0 . 2°/0
f o r E
o
16 MeV
f o r E
o
4 MeV
w h e r e  i s  d e f i n e d  a f t e r  e q u a t i o n  ( A . 6 ) .  T h i s  e f f e c t  h a s  b e e n  
n e g l e c t e d  i n  t h e  a n a l y s i s .
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APPENDIX B
SYMBOLS AND ABBREVIATIONS USED IN TEXT
A
C.M.
C.N.
DWBA
GPT
H.F.
k
O.M.
£, /\r
RF
WBP
ZRA
P
mass of nucleus (in a.m.u.)
centre-of-mass
compound nucleus
distorted wave Born approximation 
reformulated optical model theory of Greenlees, 
Pyle and Tang 
Hauser-Feshbach
volume integral of the real, central, spin and
isospin independent part of the neutron-, proton-, 
3deuteron-, and He-nucleus optical model potential 
per nucleon-nucleon interaction 
wave number 
optical model
distance vector and the angle it subtends to a 
chosen axis 
radiofrequency
weakly bound projectile model of Pearson et al. 
zero range approximation 
reduced mass.
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